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ABSTRACT 
Micrometer- and nanometer-scale chemical patterns are indispensable and ubiquitous in a range 
of applications, such as optoelectronic devices and (bio) chemical sensors. This thesis studies 
chemical surface patterning utilizing polyelectrolyte multilayers for electronic and biological 
applications. It focuses on both fundamental study and application development in the field of 
layer-by-layer self-assembled composite thin films, with the goal of defining new concepts 
allowing for technological breakthrough. In the process of completing it, a multicomponent 
patterning technology that has been a bottleneck in realizing practical devices utilizing the 
multilayers has been developed. To achieve this goal, a multilayer transfer printing concept 
was applied to serial printing of individual device components. The main achievements include 
fundamental studies about uniform multilayer assembly of charged macromolecules on neutral 
hydrophobic surfaces as the principle of the technique, and the demonstration of multicomponent 
patterning of polyelectrolyte/nanoparticle composite thin films on a flexible substrate. 
Extending the technique toward nanometer-scale patterning, a new polymeric mold material that 
was suitable for sub-100 nm structuring was studied and used for chemical patterning for flow 
control in microfuidic devices and nanoparticle assembly for potential biological applications, 
combined with polyelectrolyte multilayers. 
Thesis Supervisor: Paula T. Hammond 
Title: Mark Hyman Jr. Professor of Chemical Engineering 
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Chapter 1. Introduction 
1.1 Introductory Remarks 
Micrometer- and nanometer-scale chemical patterns are indispensable and ubiquitous in a range 
of applications, such as optoelectronic devices and (bio) chemical sensors. This thesis studies 
chemical surface patterning utilizing polyelectrolyte multilayers for electronic and biological 
applications. It focuses on both the fundamental study and application development in the field 
of layer-by-layer self-assembled composite thin films, with the goal of defining new concepts 
allowing for technological breakthrough. In the process of completing it, a multicomponent 
patterning technology that has been a bottleneck in realizing practical devices utilizing the 
multilayers has been developed. To achieve this goal, a transfer printing concept in soft 
lithography was applied to serial printing of individual device components. The main 
achievements include fundamental studies about uniform multilayering of charged 
macromolecules on neutral hydrophobic surfaces as the principle of the technique, and the 
demonstration of multicomponent patterning of polyelectrolyte/nanoparticle composite thin films 
on a flexible substrate. Extending the technique toward nanometer-scale patterning for 
nanoparticle assembly and potential biosensor applications, a new polymeric mold material that 
was suitable for sub-100 nm structuring was studied and used for chemical patterning, combined 
with polyelectrolyte multilayers. 
1.2 Background 
1.2.1 Layer-by-layer Assembled Polyelectrolyte Multilayers 
The assembly of organic molecules, macromolecules, nanoparticles, and biological molecules in 
two- or three-dimensional order is a basic strategy to fabricate devices for practical applications 
from chemical sensors, electronics to biology. Methods such as Langmuir-Blodgett (LB) 
technique,['] molecular self-assembly of silanes or thi~ls,[~] spin casting, thermal vapor 
deposition, and layer-by-layer (LBL) have been used to form ultrathin films with 
molecular order and stability. A LB film consists of monolayers or layers of amphiphile and is 
deposited on a solid substrate by transferring monolayers from a liquid to a solid substrate, 
enabling the structure of the film to be controlled at the molecular level. However, the LB 
technique could not lead researchers to apply it for commercialization because it is useful only 
for flat and small area surface. Self-assembled monolayers (SAMs) of silanes or thiols form 
surfaces with precisely controlled properties by the end groups of the silanes or thiols. SAMs 
are technically applicable for fabricating sensors, transducers, protective layers, and surface 
patterning, but surfaces are limited to gold or silicon oxide and deposition of thick layers is also 
restricted. Spin casting and thermal vapor deposition are widely used for industrial fabrication, 
but molecular order in films is less controlled. The LBL assembly from alternating deposition 
of oppositely charged polymers, nanoparticles, and bio-molecules is a new technique that 
provides controllability over thickness and composition in films, forming molecularly organized 
composites virtually on any substrate. 
In a general process of the LBL assembly harnessing electrostatic interactions between a 
charged substrate and charged macromolecules, the charged substrate is first immersed into a 
dilute solution in which an oppositely charged polyelectrolyte is dissolved. An adsorption time, 
typically a few to 20 min, allows a full coverage of a single layer that is driven by electrostatic 
attraction and entropy gain due to liberated counterions from the polyion. Interestingly, kinetic 
studies about polyion assembly using a quartz crystal microbalance revealed that about 90% of 
the material is adsorbed onto the substrate in the first 5 min. Thus, adsorption time longer than 
20 min to achieve adsorption over 95% is meaningless as adsorption quickly approaches to a 
plateau region and as excess material is anyway removed during following rinsing steps. The 
most important characteristics in this adsorption are the polyvalency and a coiled conformation 
of macromolecules that enable adsorbed polyions to overcompensate surface charges. The 
resulting reversed surface charge supports the deposition of counter polyions when the substrate 
is submerged into the counter polyion solution. Thus, repetition of adsorption and rinsing steps 
can build up multilayers of polyelectrolytes on the substrate while tuning thin film thickness, 
composition, morphology, and physical properties by controlling layer numbers, solution pH, 
ionic strength, and polyelectrolyte structure. 
Since first reported by Iler in 1 96615] and rediscovered by Decher and Hong in 1991,14] 
layer-by-layer assembly of polyelectrolyte multilayers has created an inexpensive route to the 
formation of electr~-o~tical,[~~ conducting,[77 'I and luminescent thin films;[93 lo] recent 
developments include new functionalities such as electrochromic thin films, [ll-131 
photovoltaics,[147 15] ionically conducting systems,[161 and even new biologically functional 
systems for cell templating and drug delivery.[17. 'I The multilayer assembly process employs a 
variety of water-soluble materials in an economical and environmentally benign aqueous process 
that produces finely-controlled thin film nanocomposites applicable to virtually limitless number 
of surfaces. The technique thus carries unique advantages for a variety of device fabrication 
applications that are distinct from conventional thin film processes. It has suggested a new 
approach for biosensors coupled with protein, DNA and enzymes, electronic andfor optical 
devices assembled with conducting polymers, nanoparticles (such as semiconductor quantum 
dots, gold, and magnetic particles) and dyes (such as azobenzene and ruthenium complex). 
1.2.2 Surface Patterning in Electrochromic Displays and Biological Sensors 
Applications of specific interest in this thesis are full color flexible electrochromic displays[191 
and biological sensors based on nanoparticle assemblies. Electrochromic displays and smart 
windows possess unique advantages over other display technologies such as liquid crystal 
displays and light emissive displays because of their "ink-on-paper" appearance friendly to 
human eyes. Additionally, large area displays can be inexpensively produced due to the simple 
device structure. Thus, this display technology, is suitable to what industries currently seek for 
a next generation prototype display such as "electronic paper", a portable, rollable full-color 
display. 
Electrochromic thin films composed of polymer or polymerlinorganic materials have 
been investigated for advancing industrialization, for a process that is cheap, simple to produce 
the displays. They are conventionally deposited on substrates by spin coating, 
electropolymerization, or surface polymerization by chemical means. Among those, LBL 
assembly is an ideal candidate superior to the other methods. The particular interest in this 
thesis is to place multiple-colored thin films on substrates primarily to contribute commercial 
exploitation of display applications. The composite thin films composed of electrochromic 
polymers or polymerlinorganic materials assembled by a LBL process will accelerate 
commercialization of the displays when they can be multiply patterned on substrates. 
Nano-scale arrays of biomolecules for biosensing devices are the primary target 
application for nano-scale chemical patterning. Current biological sensing techniques 
commonly rely on optical detection principles that are inherently complex, requiring multiple 
steps between the actual engagement of the analyte and the generation of a signal, multiple 
reagents, preparative steps, signal amplification, complex data analysis, and a relatively large 
sample size. To overcome these limitations, nano-scale research on biological interactions over 
a length scale of 5-200 nm have been a fascinating area because higher specific and selective 
sensitivity is expected when the assay area is of the same scale as the typical dimension of the 
analytes such as DNA, proteins, and viruses. Studying biological interactions on the nanometer 
scale has been approached in two distinct ways. With bottom-up approaches (enlargement 
strategies), biology has exploited and utilized the concepts administered in natural systems by 
synthesizing complex, functional biomolecules and the self-assembly of molecular and colloidal 
building blocks, utilizing nature's principles to generate novel materials and devices for sensing, 
catalysis, and other applications in medicinal or engineering science. On the other hand, top- 
down approaches in materials science have emphasized highly miniaturized and integrated 
biological devices using conventional photolithography, microcontact printing, and biomolecular 
systems previously developed in the bottom-up strategies. The next step in materials science is 
based on overcoming the limitations of these conventional top-down technologies; to this end 
new approaches attempted to fulfill the requirement of reliable fabrication at a length scale below 
100 nm. 
1.2.3 Current Patterning Technologies 
As mentioned in the last secton, it is critical to control the 2- and 3- dimensional placement of 
interesting functionalities for device fabrication. Layer-by-layer thin films have been typically 
patterned via the formation of a continuous thin film, followed by a subtractive patterning 
process such as photolithography[20y 211 or inkjet printing techniques,[221 or by a method of 
selective deposition or adsorption on chemically patterned  surface^.[^^-^^] In earlier work, the 
Hammond group introduced a means of patterning polyelectrolyte multilayers in-situ during the 
adsorption process utilizing chemically patterned surfaces that guide polymer adsorption to 
specific regions based on selective deposition,[251 and the selective deposition of two kinds of 
multilayers containing blue and red luminescent dye materials onto different surface regions was 
presented.[231 As a similar concept, the Gao group showed selective layer-by-layer depositions 
of polyelectrolyte/CdTe nanocrystal films directed by electric field for a light emitting device.[241 
Although these approaches have advantages in that they are non-photolithographic and low-cost, 
it is a challenge for these methods to achieve perfect selectivity in a specific area. More recent 
approaches developed for patterning multilayers include ink-jet printing via a subtractive 
mechanism of erasing r n ~ l t i l a ~ e r s , [ ~ ~ ~  a microfluidic approach,[261 and a range of 
photolithographic approaches using UV irradiation methods.[20y 211 Many of these methods 
require the design of a photoreactive component either within the film or in the underlying layers, 
which can therefore limit the range of polymer films used in the approach. Significantly, all 
current multilayer patterning techniques have limitations in the complex multicomponent 
patterning that is necessary for both electronic and bio-related applications. For examples, 
pixels in a full color display device and biosensors with various types of sensing sites require this 
type of patterning. 
The most preferred current methodology for nano-scale (bio)materials engineering is 
dip-pen n a n o l i t h ~ g r a ~ h ~ [ ~ ' - ~ ~ ~  (DPN) utilizing the AFM instrument, a technique developed by the 
Mirkin group. DPN uses an AFM tip as a nib, a solid Au substrate as a paper, and 
(bio)molecules with a chemical affinity for the substrate as ink. Coating the AFM tip with ink 
and writing onto the substrate transports molecules from the AFM tip to the substrate by 
capillary action, and can directly create patterns consisting of a relatively small collection of 
molecules down to sub-100 nm resolution. Not relying on a resist, complicated processing 
methods, or sophisticated noncommercial instruments, DPN produces nanoarrays of 
oligonucleotides and proteins, enabling the selective placement of different types of molecules at 
specific sites. These nanoarrays of biomolecules became a highly sensitive and selective 
detection format in combinations with surface-enhanced Raman scattering and AFM. However, 
multistep writing in DPN invites cross-contamination and DPN is limited to patterning on gold 
surfaces. 
The microcontact printing (PCP) of self-assembled monolayers (SAMs), a branch of soft 
lithography, was introduced by the Whitesides group in the early 1990's.I~~"~~ Revolutionizing 
the traditional patterning technologies, micrometer- or submicrometer- scale patterning of SAMs 
such as alkanethiols and chlorosilanes onto gold, silicon and other metal oxide surfaces with a 
poly(dimethy1siloxane) (PDMS) elastomeric stamp has increasingly driven fundamental studies 
and applications to commercial products. In comparison to DPN, microcontact printing allows 
one to deposit an entire pattern or series of patterns on a substrate of interest in one step, using 
readily prepared PDMS stamps when there is an original master. This is an advantage over all 
current methods such as scanning probe instruments, electron beam or molecular beam 
lithography. However, microcontact printing utilizing an elastomeric PDMS stamp have shown 
disadvantages in patterning feature sizes below a submicrometer. Due to its extremely low 
glass transition temperature (-170 O C )  and a low mechanical strength (less than lo6 Pa Young's 
modulus), stamps with features that have an aspect ratio over 1.5 result in mechanical failures 
due to pairing and sagging.[341 Also, the dimensions of PDMS materials contract during the 
curing process by about 1 %, a serious shrinkage of dimensions in a nanometer scale, causing 
deformation and distortion of features.[351 To apply a contact printing process to nanometer- 
scale patterning, it is highly necessary to develop a new suitable mold material other than PDMS. 
1.2.4 Polymer-on-Polymer Stamping 
The concept of 'Polymer-on-Polymer Stamping' (POPS), a direct transfer patterning of a 
polymeric system from stamps to a polymer surface, was initially invented to introduce patterned 
chemical functionalities onto an extended range of surfaces including non-planar, polymeric and 
bio-surfa~es.[~~~ 257 361 Borrowing the PCP concept of transferring ink from stamps to substrates 
but surpassing the PCP limitation in applicable surfaces (gold and silicon oxide), POPS provides 
a unique approach that suggests applications in monolithic polymer devices or polymer-based 
devices of micrototal analysis systems (~.TAs),[~'] flexible displays, b iosen~ors [~~~ ' ]  or opto- 
bioelectronic devices.[lol The initial concept of POPS was proposed through formation of a 
continuous polyelectrolyte multilayer onto a substrate, followed by pattern transfer via stamping 
of blocklgraft copolymers or polyions. In this process, the multilayer plays a role as a platform 
which can be formed onto any surface with appropriate surface treatment, a process which 
passivates any undesired substrate effect. Utilizing PDMS stamps that have patterns replicated 
from a photolithographically fabricated silicone master, stamping of ink polymers could result in 
hydrophobic patterns for microfluidic devices,[371 both plus/minus charges for particle arrays,[411 
chemical functionalities for multiple-level and most recently for templates for cell 
culturing.[38. 401 As shown in these examples, the creation of chemical functionalities using 
POPS ultimately introduces a broad approach that enables various functional modification of any 
surface using a number of existing polymeric systems. 
1.3 Objectives 
The objective of the thesis work is to extend and apply the original concept of POPS to real 
devices. In micrometer scale applications, polyelectrolyte multilayer patterning and 
multicomponent/multiple patterning hold interest for the work, and bio-related devices that 
require particle arrays in chemical nano patterns may benefit from nano-scale application of 
POPS. The micrometer-scale application deals with the applications of the POPS concept to 
micro-scale functional patterns. In this case, the ink system is a LBL assembled multilayer. A 
new elastomeric mold and a polymer transfer printing process are suggested for sub-micrometer 
down to sub-1 00 nm application. 
1.3.1 Multilayer Transfer Printing 
A direct method of the polyelectrolyte multilayer patterning which circumvents the use of 
photoreactive chemistry, selective adsorption processes, or subtractive processes is developed. 
In this process, a polyelectrolyte multilayer is fabricated by the alternating adsorption of a 
polyanion/polycation pair directly onto the surface of a polydimethylsiloxane (PDMS) stamp 
with micro-scale features. The stamp is then placed onto a substrate which is oppositely 
charged from the multilayer top surface, and the multilayer is transferred in its entirety to the 
substrate, resulting in a patterned multilayer thin film on the substrate surface. The ability to 
transfer the film can directly open up a number of possibilities that have not yet been realized in 
the micropatterning of functional nanocomposite multilayer thin films. These include the 
ability to achieve nonlithographic patterns at perfect selectivity, the potential to transfer the thin 
film to a nearly limitless number of substrates with appropriate surface treatment, and the 
possibility of extending the technique to both multi-component and 3-D structures through 
multiple sequential transfer steps, or stamping steps utilizing films of differing functionality to 
create complete devices or device components. 
For completely and reliably transferring a multilayer pattern from a stamp to a substrate, 
relatively weak hydrophobic interactions are employed at the interface between the stamp and 
the multilayer. Hence, multilayer patterns are transfer-printed only on contacted areas to the 
substrate. This employment of hydrophobic interactions means that one should be able to build 
up a multilayer of charged macromolecules on a non-charged, non-polar surface. As an initial 
step, Chapter 2 studies the adsorption of polyelectrolytes on neutral hydrophobic surface such as 
Teflon-AF, PDMS, and alkyl SAM, and then, the multilayer assembly of polyelectrolytes on the 
surface is dealt in Chapter 3. As a basic technique to investigate conformational variations of 
polyelectrolyte chains, pyrene groups are attached to the chains and coiling indices are calculated 
from fluorescence spectra and experimental results are compared to a theoretical expectation. 
In Chapter 4, the possibility of the multilayer transfer printing process is demonstrated using 
fluorescence-bearing conducting polymer, dye, and different shapes of patterns. Applicability 
of the technique to the introduction of multicomponent patterns is proven printing composite thin 
film patterns of nanoparticle/polyelectrolytes, in Chapter 5. For this multicomponent printing, 
it is suggested to manufacture a positioning system by which micropatterned multilayers with 
different functionalities are sequentially transferred from stamps to a substrate. 
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Figure 1.2. An illustration of the multilayer transfer printing process 
1.3.2 Sub-100 nm Polymer Molding and Patterning 
To solve the problems in using PDMS in a size-range below submicrometer, many approaches 
have intensively been developed for a mold material harder than soft PDMS using composites[42- 
451 or newly highlighted Ultraviolet (UV)-curable photopolymers.~46~501 A UV curable 
polyurethane (PU)(Minuta Tech., South Korea, MINS 10 1 m) was recently found and developed 
as a new stamp material for nano-scale patterning.[511 Different from PDMS, cured PU 
elastomer is a hard material with a Young's modulus of 1.7 x lo9 Paat 15 OC and shows almost 
no shrinkage during curing by UV (wavelength - 365nm) on an etched silicon master with 
desired topographical features. These characteristics provide a basis for producing perfectly 
replicated nano-patterns. Importantly, this PU stamp is dramatically softened upon reaching a 
temperature of 50°C. Above this temperature, conformal contact is achieved between an ink 
polymer on the stamp and an intended substrate, still holding the mechanical strength sufficient 
for the nano-features in the stamp not to be deformed during stamping. In this thesis, a UV- 
curable photopolymer that is polyurethane-based, commercial, and easy to access like PDMS is 
tested at a new molding material. 
Chapter 6 describes the usefulness of the newly introduced elastomeric mold by 
structuring nanofeatures with a high aspect ratio and a high density of line and space. The mold, 
then, is used as a stamp on which a polymer ink is distributed and transfer-printed onto a 
substrate. Resulting chemical patterns plays as a template for selectively assembling 
nanoparticles or as a hydrophobic features for controlling flow in microfluidic devices. 
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Chapter 2. Adsorption of Charged Macromolecules on Neutral Hydrophobic 
Surfaces 
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Formation on Neutral Hydrophobic Surfaces, Macromolecules 2005, 38, 10542- 10550. 
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2.1 Introduction 
Of specific interest in this chapter is the formation of a uniform monolayer of polyelectrolytes on 
neutral hydrophobic surfaces. Multilayer transfer printing (MTP),~'] which was described in the 
last chapter, suggests a unique way for patterning multilayer nanocomposite thin films of 
multiple components in both two and three dimensions. The key to the MTP process is the 
adsorption of an initial uniform monolayer of a hydrophobic polyelectrolyte on a low surface 
energy micro-patterned poly(dimethylsiloxane) (PDMS) surface using hydrophobic interaction. 
This base monolayer creates a uniform charged surface that acts as the foundation for the 
formation of smooth, stable multilayers on the PDMS surface. Furthermore, the initial 
adsorbed hydrophobic polyion acts as a kind of "release layer" for the multilayer transfer process. 
When the multilayers formed on the PDMS surface are brought into contact with a substrate, the 
multilayers are detached from the PDMS surface and transfer-printed onto the substrate only on 
regions that the patterned stamp has contacted. The hydrophobic interaction between the 
PDMS surface and the multilayers is weaker than the electrostatic interactions between the 
multilayer topmost surface and the transfer substrate, leading to the complete detachment of 
multilayer patterns upon contact. Thus, when different kinds of multilayer thin film composites 
i ~ e  s quentially printed onto or next to the previously printed multilayer patterns, both multilevel 
and multicomponent pattern structures can conveniently be introduced onto the substrates, 
suggesting various device fabrication possibilities. 
This chapter reports the adsorption behavior of a hydrophobic weak polyelectrolyte, 
poly(ally1amine hydrochloride) (PAH) on neutral hydrophobic surfaces such as 
poly(tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-4,5-difluoro- 1,3-dioxole) (Teflon-AF), 
octadecyltrichlorosilane (OTS) and PDMS. To understand the molecular basis of the adhesion 
property of the PAH layer, it refers to a scaling theory developed by Dobrynin and ~ubinstein,[~- 
"I and use pyrene-labeled PAH chains to calculate a coiling index (the excimer-to-monomer 
[7- 121 emission ratio in fluorescence spectra, IJIM). When pyrene groups attached to PAH chains 
associate due to variations in chain conformations, the fluorescence intensity from pre-associated 
pyrenes (static excimers) drastically increases and that from isolated ones (monomer) decreases. 
Recause the static excimers are formed when two pyrene groups are in close distance (4-54 in 
the excited state, the coiling index can serve as an indicator of conformational variations during 
PAH adsorption and multilayer assembly processes, and provide useful information about the 
PAH adsorption behavior. Hence, the results from coiling index measurements can be used to 
confirm Dobrynin and Rubinstein's theory. 
2.2 Theory 
2.2.1 Review of Current Theories 
Most adsorption theories of flexible polyelectrolytes have focused on the adsorption onto 
oppositely charged surfaces driven by Coulombic attractive forces. In this section, those 
classical theories in polymer physics are briefly reviewed and the parts related to hydrophobic 
adsorption are introduced to describe the interactions at an interface between a hydrophobic 
polyelectrolyte and a neutral hydrophobic surface. 
In the theories regarding polyelectrolyte adsorption on oppositely charged surfaces, 
interactions at a solid-liquid interface have been taken into account in terms of the electrostactic 
attraction of the charged monomers to the surface, which is described by a screened Coulomb or 
Debye-Hiickel potential.[131 In addition, both short range interactions (Van der Waals) between 
uncharged segments and long-range Coulomb repulsive interactions between charged segments 
have been known to significantly affect adsorption behavior.[14y Is] The short-range interactions 
are usually described in terms of the solvent strength and are repulsive or attractive under good 
or poor solvent conditions, respectively. The intra-chain short-range interactions are 
overwhelmed by the long-range Coulombic repulsion under good or theta-solvent conditions 
except when the density of adsorbed chains is high.[16] 
When the conformation of a polymer chain in a solvent is first described, short-range 
interactions are important under poor solvent conditions where attractive interactions between 
uncharged segments may induce a partial collapse of the polymer. The theoretical model 
proposed by ~hokhlov['~] first suggested the conformation of an individual weakly charged 
polyelectrolyte in a poor solvent. In this model, a polyelectrolyte chain in a poor solvent has an 
elongated cigar-like conformation because of the balance between electrostatic repulsion and 
surface tension at the globule-water interface. However, a cylindrical globule extended by 
Coulombic repulsions between charged monomers is unstable with respect to capillary wave 
fluctuations. This instability is analogous to the splitting of a charged liquid droplet into an 
array of smaller ones predicted by ~ a ~ l e i ~ h . [ ' ~ ]  Because of the connectivity of monomers in a 
charged polymer chain, as Rubinstein et. a1.1191 proposed, one can expect the formation of a pearl 
necklace structure in which collapsed spherical beads are connected to each other by extended 
narrow strings. As a function of charge on the chain and solvent quality, a polyelectrolyte chain 
in a poor solvent undergoes a cascade of abrupt transitions from a spherical globule to necklace 
configurations with different numbers of beads. Extensive computer simulations and scattering 
experiments have validated this model.[201 
Adsorption of polyelectrolytes at an oppositely charged surface has been investigated in 
a continuation of theoretical researches about polyelectrolytes in solution state and due to 
demands in practical applications. The adsorption theories include solutions of linearized[13721- 
2-41 or full mean-field equations,[25-271 various scaling theories for single chain adsorption,[33 16] and 
multi-Stem layer models.[2s1 Among those, the scaling theory for adsorption of hydrophobic 
polyelectrolytes onto oppositely charged surfaces under poor-solvent conditions was proposed by 
Joanny and ~ 0 h n e r . I ~ ~ ~  Combining the scaling approach developed for the adsorption of 
polyelectrolytes from good and theta-solvents, the necklace model for polyelectrolyte globules 
suggested by Rubinstein, and the classical theory of adsorption of neutral polymers in a poor 
solvent,P01 they predicted that adsorption could be induced by decreasing the ionic strength of 
the solution because the attractive interaction with the surface would be screened and get weaker 
upon addition of salt. They assumed that except for the Coulombic attraction, there was no 
strong short-range attraction between the monomers and the surface. Although they expected 
that the globule would adsorb and spread on the extremely hydrophobic surface due to the 
hydrophobic attraction, they did not consider this situation in their paper. 
The most advanced scaling theory about the same subject was recently developed by 
Dobrynin and ~ubinstein.~~] In their theory, they proposed a scaling theory of adsorption of 
necklace-like hydrophobic polyelectrolytes at oppositely charged surfaces with both hydrophilic 
and hydrophobic characters. Superior to other theories, they did not neglect the effect of the 
van der Waals interaction between the charged surface and the polymer backbone. Although 
they still assumed adsorption at charged surfaces, their results provide a basis enough to 
investigate adsorption of a weakly charged hydrophobic polyelectrolyte at a neutral hydrophobic 
surface. 
2.2.2 Adsorption Theory of hydrophobic polyelectrolytes at neutral hydrophobic surfaces 
In this section, the Dobrynin and Rubinstein (DR) theory is simplified to be applicable for the 
adsorption at neutral hydrophobic surfaces and used to explain the adsorption behavior of PAH- 
Py. The important forces governing the adsorption in this study are short-range attractions (Van 
der Waals interactions) between polyelectrolytes or between the polyelectrolytes and surfaces, 
and long-range repulsions between polyelectrolytes. Other interactions such as electrostatic 
attraction, other than short-range attractions of the polyelectrolytes to the surfaces, are not 
considered. During adsorption, hydrophobic polyelectrolyte chains can be arranged on the 
hydrophobic surfaces in an extended conformation due to attractive short-range interactions with 
the substrate. However, when repulsive interactions between chains are dominant, 
polyelectrolytes experience an electrostatic barrier as they are adsorbing to the surfaces, resulting 
in chains that are placed on the surface at a certain distance from each other. In the DR theory, 
this structure of the adsorption layer is uniquely described using Wigner-Seitz cells, at the center 
of which the polyelectrolyte chains are localized. 
Because of the situation that polyelectrolyte chains are placed on the hydrophobic 
surface at a certain distance from each other, the framework of the mean-field approximation can 
not be used. The approximation assumes that the electrostatic interactions of a polymer with 
effective external potential created by other chains and the surface dominates over the 
electrostatic self-energy of the chain. In this approximation the polymer density and the small 
ion density depend only on the distance from the charged surface and the density profile of the 
salt ions in the electrostatic potential satisfies the Boltzmann distribution. However, the lattice 
sites in a layer z (parallel to the surface) of the Self-consistent Field theory are distinguishable in 
the situation, making the mean-field approximation inapplicable. Thus, the structure of the 2-D 
adsorbed polyelectrolyte layer is described using the concept of the strongly correlated and two- 
dimensional Wigner liquid. In the framework of the 2-D Wigner liquid,[29311 the polyelectrolyte 
chains are considered to be localized at the centers of the Wigner-Seitz cells of size R and the 
correlations between multivalent ions (polyelectrolytes) in 2-D are captured. 
The DR theory can be modified suitable to the specific case of this section by assuming 
negligible surface charge density. Before describing the adsorption behavior by giving an 
example of a semi-dilute adsorbed layer in the DR theory, it should be mentioned that hydroxyl 
ions can adsorb by penetration into hydrophobic surfaces, such as a self-assembled monolayer of 
alkyl chains or a solid surface of Teflon-AF, with enough lateral spaces or pores for their 
encapsulation, negatively charging the  surface^.[^^"^] However, it is assumed that this charging 
is  not considerable compared to other predominant short-range interactions, although it would be 
critical in a strict consideration. When electrostatic attractions to the surface are negligible, the 
DR theory produces the following total free energy equation of the adsorbed layer, 
where the free energy is F, the fraction of charged monomers i s 5  the Debye screening length is 
r ~ ,  the Wigner-Seitz cell size is c, and the Bjemun length is is, the sticking energy to the 
adsorbing surface is represented by evw, the number of monomers inside the cell is gc, and a 
surface area S is the sum of the contribution from all chains. The first term in the right side of 
the equation represents the electrostatic repulsive contribution to the free energy, and the second 
term is the contribution from short-range attractive interactions. 
An equation that shows the effect of two important variables, the ionic strength and the 
fraction of charged segments, on an adsorption property can be obtained by calculating the cell 
size l. When the free energy F is minimized with respect to the cell size l ,  the equation that 
defines the cell size as a function of rD and f is obtained as follows, 
where a bond size is a, and the ratio of the Bjerrum length to the bond size, u. 
The Wigner-Seitz cell size physically means the distance between adsorbed chains. The 
equation shows that the distance between adsorbed chains is controlled by the electrostatic 
repulsion between chains and their non-electrostatic attraction to the adsorbing surface. The 
cell size can be calculated by varying the Debye length r D  and the fractions of charged 
monomers$ In this calculation, we assumed that r~ and f are independent variables. The plots 
show that the cell size c scales linearly with the Debye screening length r~ and the fraction of 
charged segmentsf, which is also connoted in the original DR theory. Thus, the cell size can be 
obtained by balancing the electrostatic repulsion between chains with their non-electrostatic 
attraction to the adsorbing surface. 
These results predict that at a large Debye length, or a large fraction of charged segments, 
polymer chains adsorb on the surface at a long distance from each other. As the Debye length 
Debye Length (r,) 
Figure 2.1. Variation of distances between adsorbed polyelectrolyte chains depending on the 
fraction of charged segments f and the Debye screening length r, in the semi-dilute adsorbed 
layer 
or the fraction of charged monomers decreases, the distance between adsorbed chains decreases, 
and below a certain value of the Debye length or the fraction of charged monomers, adsorbed 
chains overlap each other forming either a monolayer or a 3-D adsorbed layer. In the adsorbed 
layers in these later regimes, chains can densely and uniformly adsorb on the surface by the 
affinity of the polyelectrolytes and play the role as the prime layer for the build up of LBL thin 
films. 
Increasing ionic strength by salt addition plays a paramount role on the adsorption 
behavior. The theory states that with the decreasing Debye length of the hydrophobic moiety, 
or backbone of the polymer, chains experience more attractive forces to the surface due to the 
strong short-range interactions as well as the decreased distance between adsorbed chains. As 
previously reported, [5, 29, 35, 361 salt addition can result in the decrease of the adsorbed layer 
thickness by squashing down the adsorbed chains to the surface due to the increased attraction. 
The final adsorption behavior to be addressed is the depletion of the adsorbed layer. 
The above theory is only valid under the assumption that short-range attractions to the surface 
are stronger than solvating forces. However, in the LBL assembly process, adsorbed chains are 
exposed to various media of dipping and rinsing solutions where the chains might prefer to leave 
the surface by experiencing different ionic strength and charged fraction, or by forming ionic 
complexes in solution with counter polyelectrolytes. The quality of multilayers built-up on the 
prime layer significantly depends on this behavior. 
Based on the above theory, PAH, a hydrophobic weak polyelectrolyte, was chosen as the 
first adsorbing polymer for investigating the adsorption behavior of a hydrophobic 
polyelectrolyte and the following multilayer formation. The fraction of charged monomers of 
weak polyelectrolytes such as PAH can readily be controlled adjusting solution pH. Thus, one 
can maximize the adsorption of PAH by varying both variables of ionic strength and degree of 
ionization to get a base layer for building multilayers. Weak hydrophobic polyelectrolytes can 
possess a smaller Wigner-Seitz cell size than strong hydrophobic polyelectrolytes by adjusting 
both pH and ionic strength of solutions during adsorption, causing more dense and uniform 
adsorption layers. Possible negative charging on neutral hydrophobic surfaces by hydroxyl ions 
also favors a polycation such as PAH. 
2.3 Experimental 
2.3.1 Materials. 
pAH (M, = 70k), I-pyrenecarboxaldehyde, sodium cyanoborohydride (NaBH3CN), OTS, 
hexamethyldisilazane (HMDS) were purchased from Aldrich Chemical. Sylguard 184 was 
acquired from Dow Chemical. Teflon-AF 2400 (1 wt% solution) was obtained from DuPont 
Fluoroproducts. All chemicals were used as received. Silicon wafers coated with a thermally 
oxidized SiOz layer (-280nm) were obtained from Silicon Quest International. 
2.3.2. Synthesis of PAH-Py. 
A small portion of primary amines in PAH chains was substituted by pyrene via a reductive 
reaction with 1-pyrenecarboxaldehyde and sodium cyanoborohydride (NaBH3CN) in a solvent 
mixture of water and methanol (20:80) at pH 6.0 following a literature procedure.[81 To recover 
products from the reaction mixture, excess chloroform was added, which resulted in a phase 
separation between an aqueous and an organic phase. The water phase was separated and 
dropped into hydrochloride-saturated methanol. Precipitates were collected, dissolved into 
pH 6.0 
DP: 749,IvW: 70 000 gfmol 
Figure 2.2. PAH-Py synthesis 
water and reprecipitated twice into HCl-saturated methanol, and dried in vacuum at room 
temperature for 24h. In two batches, pyrene substitution levels of 1 mol% (PAH-Pyl, 74% yield) 
and 0.86 mol% (PAH-Py2, 64% yield) on the PAH were achieved, respectively, as determined by 
UV adsorption spectra (calculated using c344=39800 ~-'cm-').[*] 
2.3.3. Preparation of Neutral Hydrophobic Surfaces. 
In this work, three neutral hydrophobic substrates were employed; Teflon-AF- and OTS-coated 
silicon wafers, and PDMS sheets. 
Teflon-AF: Teflon-AF was coated onto silicon wafers with a thermally oxidized Si02 layer after 
degreasing using sonication in chloroform for 10 min and cleaning under plasma (I OOW, oxygen, 
0.1-0.5 ton; 10 min). To increase adhesion between the wafers and Teflon-AF layer, the plasma- 
treated wafers were first reacted with HMDS vapor in a desiccator for 16h and cured at 150 OC 
for 2h. Teflon-AF was spin-coated on the wafers at 3000 rpm for 30 sec and cured at 150 OC for 
5 hr. 
OTS monolayers: Atter degreasing and oxygen plasma cleaning, silicon wafers were chemically 
oxidized for 10 min by immersing the wafers into a freshly prepared mixture of 70% sulfuric 
acid-30% aqueous solution of hydrogen peroxide (at 30% H202) at 80 OC, followed by thorough 
rinsing with deionized water. Immediately after one additional dry oxidation step using oxygen 
plasma, the wafers were immersed into a reaction mixture of hexadecane (70 mL), 
tetrachlorocarbon (30 mL), and OTS (1 mM) that was prepared in an inert atmosphere. 
Reaction time was 1 hr and temperature of the reaction bath was controlled below 10 O C .  After 
the reaction, the substrates were sonicated in chloroform for 5 min to remove excess materials, 
and then post-cured for 2 hr at 150 OC. The resulting water contact angle of the wafer surface 
was around 109", which is similar to that of a PDMS surface. 
PDMS: PDMS sheets were prepared by curing Sylguard 184 on a silicon wafer for 12h at 60 OC, 
followed by removal from the silicon surface. 
2.3.4. Potentiometric Titration. 
0.1 wt% of PAH and PAH-Py aqueous solutions (10.56 mM of PAH, 10.37 mM of PAH-Pyl, and 
1.0.49 mM of PAH-Py2) were prepared by dissolving PAH and PAH-Py into deionized water 
(initial pH = 3.3- 3.5). A known amount of HCl was added to decrease solution pH down to 2, 
and then titration of the polyelectrolyte solutions was performed with 0.1 M NaOH at 23OC with 
constant stirring, using a pH-meter purchased from Beckman Instruments, Inc. (Fullerton, CA). 
The volume of titrant subtracted by that of a blank titration under identical conditions was used 
for calculating the degree of ionization. 
2.3.5. PAH-Py Adsorption. 
PAH-Py was dissolved in deionized water and the pH was adjusted by adding HCl or NaOH. 
For adsorption experiments, wafers coated with Teflon-AF or OTS, or PDMS sheets were 
immersed into the PAH-Py solutions in various conditions for 30 min and dried under nitrogen. 
2.3.6. Measurements. 
Fluorescence spectra were obtained using a SPEX Fluorolog 3 spectrometer and a DM3000F 
detector at room temperature. The emission wavelength for excitation spectra was 377 nm for 
monomer excitation and 495 nm for excimer excitation, and the excitation wavelength for 
emission spectra was 343 nm. All spectra were uncorrected. The slits were set at 0.3 mm for 
solution samples to avoid fluorescence saturation, thus to keep the maximum photon count below 
an order of lo6, while they were set at 2 mm for substrate samples. The coiling index was 
calculated by dividing the integrated fluorescence intensity from the excimers (IE, 450-650 nm) 
by that from pyrene monomers (IM, 370-400 nm).['I 
Multiple-wavelength ellipsometric measurements were performed on a spectroscopic 
ellipsometer (Model M-44, J. A. Woollam Co., Inc., Lincoln, NE) aligned at an incidence angle 
70" from the surface normal. Four measurements were obtained for each sample and averaged. 
To reduce noise, 100 revolutions of the analyzer were accumulated. Thickness was calculated 
using a four-layer model of Si, SiOz, Teflon-AF, and polyelectrolyte layers. Optical constants 
of the SiOz and Teflon-AF layers obtained from manufacturers were used. Modeling and 
thickness calculations were carried out using the WVASE software from J. A. Woollam Co. 
The topography of substrate surfaces was monitored using a Veeco Nanoscope IV 
scanning probe microscope (Santa Barbara, CA) in tapping mode with a silicon etched tip. 
2.4 Results and Discussion 
2.4.1 Characterization of PAH-Py in Solutions 
2.4.1.1. Degree of ionization. 
Before investigating the conformational behavior of PAH-Py, we consider the structural and 
physicochemical properties of PAH-Py. Then, we discuss the coiling index of PAH-Py in 
solutions, relating the properties of PAH-Py to the coiling index. The hydrophobic 
polyelectrolyte, PAH used in this work is known to contain only primary amine groups, and thus 
is a weak polybase. The characteristic feature of the PAH-Py ionization is that the degree of 
ionization decreases as the pH increases. The degree of ionization (protonation) was calculated 
from the electroneutrality condition,[377 381 
where C, is the concentration of polyelectrolyte on a repeat unit basis; C~Y is that of added 
NaOH calculated by subtracting the added amount for the blank titration; c:: a n d ~ p  are 
those for the free protons and hydroxyl ions that were calculated from measured pH values 
neglecting corrections for the activity coefficient; c;;"~ refers to added HCl from the salt form 
of PAH-Py. Practically, the degree of salt formation could be less than 100% but we assumed that 
y added is equal to C ,  due to negligible imperfection (5 2%)[391 in the salt form. The values of 
pKa (we designated as 50 % degree of ionization of the polyamine) measured by our 
potentiometric titration were 8.1 for both unlabeled PAH and PAH-Py. Both titration curves were 
coincident in the range shown in Figure 2.3, showing that less than 1 mol% amine substitution by 
pyrene groups does not affect the original ionization behavior of unlabeled PAH; the introduced 
secondary amines due to the reductive amination and pyrene moieties did not change the degree 
of ionization of unlabeled PAH. The chains have varying degrees of ionization equal to 100 % 
at pH 4, 50 % at pH 8.0, and 0 % at pH 11. It should be noted that we performed the titration 
without adding salt. Because salt might cause additional differences in the resulting titration 
curve due to varying ionic strength, we sought to follow the conditions that we use to control the 
degree of ionization of PAH chains by pH adjustment during adsorption. As a result, the titration 
curve is a bit broader than that with salt addition, but the pKa value is still between 8 and 9 
which in a good agreement with literature values. [40-431 
pH 
Figure 2.3. Potentiometric titration curve of 0.1 wt% PAH-Pyl aqueous solution. 
2.4.1.2. Fluorescence characteristics. 
Excimer formation can take place via either a dynamic or static mechanism, while coiling index 
is only valid when calculated from static excimers. Dynamic excimers are formed when isolated 
pyrenes are first excited by light and then meet other pyrenes in the electronic ground state. In 
comparison, static excimers are formed when pre-associated pyrene dimers or aggregates are 
directly excited, for which the calculated coiling index becomes meaningful when determining 
adsorption behavior. To detect if pyrene groups are pre-associated, we used two photophysical 
parameters, the shift in the wavelength maxima and the peak-to-valley ratio of the (0,O) transition 
- in the excitation spectra. Excitation spectra were viewed at the monomer emission (Lmision - 
377nm) and at the excimer emission (Lmiaion = 495nm) for 0.1 wt% PAH-Pyl (10.37 mM 
polymer solution, 1 mol% pyrene substitution) solutions of pH 3.5 to 10.5. It was observed that 
the wavelength maxima of the (0,O) transition in the excimer excitation spectra was significantly 
red-shifted (8 nm) compared to that in the monomer excitation, while 6 nm of the red shift was 
found in the excitation spectra of PAH-Py2 (10.49 mM polymer solution, 0.86 mol% pyrene 
substitution) solutions. The peak-to-valley ratio for the (0,O) transition of the monomer and 
excimer spectra, pM and pE (PM = z ~ ~ ~ ~ ~ I I ~ ~ ~ ~ ~ ~ ~  for the monomer and PE = I ~ ~ ~ * I z ~ ~ ~ ' ~ ~  for the 
excimer) of PAH-Pyl solutions were 1.76 and 1.27, and those of PAH-Py2 solutions were 1.53 
and 1.40, respectively. Excitation spectra at 377 and 495 nm of a representative solution, 
containing 0.1 wt% PAH-Py2 at pH 6.14, are shown in Figure 2.4 as the thick and thin solid lines. 
These results show that excimers are formed via a static mechanism. The dashed line in Figure 
2.4 is an emission spectrum excited at 343 nm. Monomer fluorescence arises in the 370-400 nm 
wavelength range and excimer fluorescence is readily recognized as a broad featureless peak in 
1 I 1 I I I I I I I 1 
- Excitation spectrum at 7Lcrn= 377 nm 
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Figure 2.4. Excitation and emission spectra of 0.1 wt% PAH-Py2 solution at pH 6.14 without 
added salts. 
the longer wavelength range. 
2.4.1.3. Chain conformation in solutions. 
Chain conformations of PAH-Py in solution are dependent on ionic strength and the degree of 
ionization controlled by solution pH. As theoretically and experimentally demonstrated in the 
literature, [4, 44-46] when the chains are fully charged, they assume a stretched conformation 
because of electrostatic repulsion between charged groups on the chains. Decreasing the degree 
of ionization of the polymer chain by increasing pH or shielding electrostatic repulsion with 
added electrolytes increases the short-range attractions between uncharged groups, inducing a 
partial collapse of the polymer chains due to Rayleigh instability.[41 The resulting chain 
conformation is analogous to a pearl necklace structure in which extended strings connect 
collapsed spherical beads to each other. As the degree of ionization further decreases or ionic 
strength increases, the conformation of polyelectrolyte chains abruptly transitions from necklace 
to spherical globule shapes with different numbers of beads.14] 
The coiling index of PAH-Py reflects the conformational behavior related to pH and solution 
concentrations. As explicitly shown in Figure 2.5a, the fluorescence spectra change significantly 
with solution pH, confirming that the coiling index calculated from the spectra can be a useful 
indicator of chain conformations. In general, the coiling index of PAH-Py increases with pH, 
indicating increasing pyrene-association due to conformational transitions. Degree of 
ionization of PAH-Py can also be evaluated from the variation of the coiling index and the 
maxima of excimer peaks in emission spectra. In Figure 2.5b, two curves cross at pH 8.56, which 
seems to be in agreement with the pKa values obtained from potentiometric titration, as known 
in the literature.[lo7 12] 
Wavelength (nm) 
Figure 2.5. (a) Fluorescence spectra normalized to the intensity of the (0, 0) transition at 377 nm 
and (b) coiling index and maximum excimer peak positions of 0.1 wt% PAH-Py2 solutions 
varying with solution pH. 
In addition to the pH and ionic strength effects on the coiling index, solution 
concentration significantly influences the pyrene association. Figure 2.6 shows the variation of 
the coiling index with concentration at pH 3.5 and 8.5. In general, the coiling index increases 
with concentration and shows a transition in the center of the concentration range at each pH. 
This transition below 0.1 wt% (about 10 mM on a repeat unit basis) is likely to be related to the 
critical concentration for chain overlapping. As concentrations approach the critical 
concentration, interpolymeric pyrene association will increase. Thus, pyrene association that 
mainly originates from intrapolymeric association in a dilute regime where interpolymeric 
association is minimized begins to reflect both inter- and intramolecular association beyond the 
critical concentration. The transition occurs over a broader concentration range at pH 3.5 than at 
pH 8.5, which indicates a more stretched chain conformation at pH 3.5. This result is in 
agreement with dynamic light scattering data where hydrodynamic diameters of PAH chains (the 
same PAH used in this study) fluctuate in a broad range from 33 to 44 nm at pH 3.5 but are 
nearly constant at 12*2 nm at pH 8.5.14'] This large fluctuation observed at low pH and high 
degree of ionization reflects a hydrated, expanded, and non-spherical PAH chain conformation as 
the calculation of hydrodynamic diameter is based on the assumption of a spherical particle. 
Critical concentrations that could be roughly estimated from the radius of gyration measured by 




Figure 2.6. Coiling index variation of PAH-Pyl with solution pH and concentrations 
2.4.2 Adsorption of PAH-Py on Neutral Hydrophobic Surfaces 
The surface of silicon wafers coated with OTS can be used as a model surface of PDMS stamps 
used in MTP. Structural characteristics of PDMS include that it contain methyl groups and 
show unique flexibililty due to a siloxane backbone. Following preparation of PDMS by 
curing,methyl groups are closely packed on the surface, resulting in a low surface tension. A 
self-assembled monolayer of OTS on a silicon wafer also provides a closely packed methyl 
surface. Experimentally, the water contact angle value of 109O for OTS is equal to a surface 
tension of 21 mN/m, which is a similar value to that of PDMS. Thus, OTS-coated silicon 
wafers can be used as a model surface in measuring fluorescence spectra of adsorbed PAH-Py. 
Teflon-AF provides more hydrophobic surfaces than OTS and PDMS. Due to its high 
glass transition temperature and chemical inertness, Teflon-AF coated surfaces could be more 
stable than OTS-coated surfaces in aqueous media over many layers of assemblies without 
possible agglomeration as encountered in self-assembled monolayers, which gives well-defined 
surfaces for ellipsometry. After spin coating, the resulting static water contact angle of the 
surface was around 120°, the film thickness was in the range of 95 to I10 nm, and the surface 
roughness was 0.5 1 h0.03 nm. 
The conforrnational variation of PAH-Py chains after adsorption can clearly be 
demonstrated by comparing the coiling index in solution to that after adsorption. All adsorption 
experiments were carried out using 0.1 wt% PAH-Py solutions, which was approximately 10 mM 
on a repeat unit basis, a typically used concentration in the LBL assemblies. Because 
conformations of weak polyelectrolytes are affected by both ionic strength and the degree of 
ionization, we first adsorbed the chains without controlling the ionic strength, by changing the 
degree of ionization only with pH adjustment. Figure 2.7 shows the change of the coiling index 
with pH before and after adsorption onto the neutral hydrophobic OTS and Teflon-AF surfaces. 
In solution, the coiling index does not show any significant change up to pH 6, but increases 
remarkably after pH 8. This result means that the portion of charged groups in PAH-Py is large 
below pH 6, and that the chain is in an extended conformation due to electrostatic repulsion 
between charged groups on the polymer chain. Over pH 8, we observe that chain conformation 
abruptly changes, possibly fiom extended chain to necklace or more globular shapes. These 
results support the abrupt change in the radius of gyration of PAH chains with pH. The Rg of 
PAH was 16 * 2 nm below pH 6, but drastically decreased to 7 1 nm above pH 6 to 9, 
indicating conformational transitions with solution p~.1471 
For the polyions adsorbed to the surfaces, the coiling index above pH 8 was much lower than 
those in solution. Total adsorbed amounts of PAH-Py increased with increasing pH, measured 
experimentally by integrating the total number of photons in uncorrected fluorescence spectra 
fiom 350 to 650 nm. In the lower pH regime, the coiling index of the adsorbed chains did not 
vary largely from that in solution. These results agree well with theoretical predictions that 
hydrophobic polyelectrolytes are arranged on hydrophobic surfaces in stretched chain 
conformations due to short-range interactions. In the low pH region, chains are already extended 
in solutions, so there is expectedly less change in coiling index during adsorption. However, the 
decrease in coiling index after adsorption from high pH, and thus the more stretched arrangement 
of chains on the surface is remarkable considering that the chains in solution have compact 
spherical conformations in the high pH regime due to low degrees of ionization. 
PAWPy2 in solutions 





Figure 2.7. Coiling index variation of (a) PAH-Pyl on OTS surfaces and (b) PAH-Py2 on Teflon- 
AF surfaces before (square) and after (circle) adsorption. Concentration of all solutions was 
fixed at 0.1 wt% and adsorption time was 30 min. 
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Adsorption relies on hydrophobic interactions between the surface and the hydrophobic 
backbone of PAH-Py, and the increased fraction of charged groups in the low pH region prevents 
PAH-Py segments from being closely arranged following adsorption to the hydrophobic surfaces. 
As a result, PAH-Py solutions were completely dewet from the surface when the substrates were 
taken out of solution, indicating that the chain adsorption might be dilute or semi-dilute, and a 
wettable charged surface was not formed. Also, we could not obtain reliable ellipsometry data in 
this region, which indicates that the adsorbed layer is not optically uniform. On the other hand, 
the chains are well adsorbed onto the surface above pH 8, due to increased hydrophobicity and 
make a wettable surface. The coiling index in this range increases slightly with pH, but shows a 
much smaller value than that measured in solution. 
Above pH 8, variation in both adsorbed chain concentrations and conformations on 
surfaces can contribute to the coiling index. To investigate both contributions and the effect of 
varying ionic strength, PAH-Py2 was adsorbed onto Teflon-AF surfaces from solutions at pH 9.0 
with different amounts of added NaCl salt, and the resulting coiling index and adsorbed layer 
thickness were measured (Figure 2.8a). In solution, the coiling index increases with added salt, 
showing that chains are more compactly coiled due to shielding of long-range repulsions with 
increased ionic strength. Again, this behavior is suppressed dramatically after adsorption on the 
surface, indicating more extended chains on the surface. 
The thickness of the adsorbed layer decreases with ionic strength, although the adsorbed 
amounts evaluated from the integrated photon counts increase with ionic strength. This thickness 
change combined with the coiling index provides useful information about the adsorption 
mechanism. At the lowest salt concentration at pH 9, the thickness is the largest, 4.76 nm, and 
the coiling index decreases from 6.7 in solution, to 3.19 on the surface. Although it is largely 
NaCl Concentration (mol) 
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Figure 2.8. (a) Coiling index variation of PAH-Py2 before (square) and after (triangle) adsorption 
onto Teflon-AF surfaces at pH 9 with varying added salt concentration, and thickness variation 
(circle) (b) a schematic illustration of an adsorption mechanism 
decreased, the coiling index on the surface is not due to more extended chain conformations, 
which would yield an index around one. These results indicate that the polymer chains might be 
adsorbed in a perturbed spherical shape, or in a less extended conformation, and that the 
relatively high coiling index might originate from the contribution of intrapolymeric pyrene 
association. As the salt concentration increases, both thickness and coiling index decrease. In the 
extreme condition of the largest salt concentration, the thickness is the lowest value, 2.53 nm and 
the coiling index again increases to 3.07. The decrease in thickness shows that increasing ionic 
strength acts as a normal compression force, squashing polymer chains down to the surface. The 
increased coiling index at 0.5 M NaCl may originate from the contribution of interpolymeric 
pyrene association in a more densely packed adsorption layer. This possible mechanism appears 
in theories and is experimentally demonstrated in this study, as schematically illustrated in Figure 
2..8b. 
2.5 Conclusions 
E!illipsometry experiments and the variation of coiling index of a polymer chain measured by 
using pyrene-labeled PAH revealed that a hydrophobic weak polyelectrolyte can adsorb onto a 
neutral hydrophobic surface, forming a densely packed uniform adhesion layer, and that polymer 
chains with compact globular shape in solution were adsorbed on the surface in an extended 
chain conformation. The amount of the adsorbed polyelectrolyte increased with solution pH, and 
the increased concentration of an added electrolyte caused a thinner layer by compressing the 
adsorbed chains to the surface, verifying the theory proposed by Dobrynin and Rubinstein. 
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Chapter 3. Multilayer Assembly of Charged Macromolecules on Neutral 
Hydrophobic Surfaces 
Reproduced in part with permission from Park, J.; Harnmond, P. T. Polyelctrolyte Multilayer 
Formation on Neutral Hydrophobic Surfaces, Macromolecules 2005, 38, 10542- 105 50. 
Copyright 2005 American Chemical Society 
3.1. Introduction 
Of specific interest in this chapter is the formation of polyelectrolyte multilayers on neutral 
hydrophobic surfaces, a topic that has not been highlighted in the layer-by-layer (LBL) 
multilayer community, although it is critical in various applications of LBL thin films formed at 
liquidlsolid interfaces involving a noncharged, nonpolar hydrophobic surface. As a particular 
example of such applications, multilayer transfer printing (MTP) after building up multilayers on 
a micropatterned poly(dimethylsiloxane) (PDMS) stamp,[" suggests a unique way for patterning 
multilayer nanocomposite thin films of multiple components in both two and three dimensions. 
Multilayering of polyelectrolytes on a neutral hydrophobic surface is also a unique and useful 
way to prepare free-standing LBL thin films for numerous important applications such as 
batteries,D1 composite films with high mechanical properties,[37 41 virus-arrayed thin films,15' 
membrane ~ o a t i n ~ s , [ ~ - ~ ]  the coating of microfluidic devices, optical fibers, and other common 
surfaces. Furthermore, the mechanical properties of LBL thin films that dramatically affect cell 
function on polyelectrolyte multilayer biomaterial surfaces can be easily measured using a strain- 
induced elastic buckling technique when they are assembled on neutral PDMS substrates.[81 
However, multilayering of polyelectrolytes on a neutral hydrophobic surface presents a unique 
challenge, and its mechanism has not yet been fully described. It is much more common to 
observe the layering of polyelectrolytes on plasma-treated PDMS or similar charged surfaces. 
Only a few papers have actually reported that LBL thin film formation on a neutral hydrophobic 
surface is possible under certain experimental conditions, but a fundamental understanding of the 
phenomena has yet to be provided. [9-111 
The properties of multilayers assembled on poly(ally1amine hydrochloride) (PAH) layer 
adsorbed on neutral hydrophobic surfaces such as poly(tetrafluoroethy1ene-co-2,2- 
bis(trifluoromethy1)-4,s-difluoro-l,3-dioxole) (Teflon-AF) and octadecyltrichlorosilane (OTS) 
a.re investigated in this chapter. The assembled multilayer properties that are subject to LBL 
assembly parameters such as polyion composition, pH, and ionic strength for the adsorption and 
rinsing steps were studied using quartz crystal microbalance (QCM) and atomic force 
microscopy (AFM) techniques, and tracing changes of coiling index during the assembly process. 
The representative polyion pairs chosen for assembly atop the PAH base layer included a weak 
polycation, poly(ally1amine hydrochloride) (PAH) with a weak polyanion, poly(acry1ic acid) 
(PAA) and a strong polycation, poly(diallyldimethylammonium chloride) (PDAC), with a strong 
polyanion, poly(sodium Cstyrenesulfonate) (SPS). 
3.2. Experimental 
3.2.1. Materials. 
PAH (M, = 70K), PDAC (Mn = 100K-200K), SPS (Mn = 70K, polydispersity index (PDI) = 
1 0.5), 1 -pyrenecarboxaldehyde, sodium cyanoborohydride (NaBH3CN), OTS, and 
hexamethyldisilazane (HMDS) were purchased from Aldrich Chemical. PAH-Pyl and 2 were 
synthesized as described in chapter 2. PAA (M, = 90K, PDI = 6.2) was purchased from 
Polysciences Inc., and Sylguard 184 was acquired from Dow Chemical. Teflon-AF 2400 (1.8 
wt % solution) was obtained from DuPont Fluoroproducts. All chemicals were used as received. 
Silicon wafers coated with a thermally oxidized Si02 layer (-280 nm) were obtained from 
Silicon Quest International. 
3.2.2. Layer-by-layer Assembly. 
PAH-Py was dissolved in deionized water, and the pH was adjusted by titrating HCl or NaOH. 
For adsorption experiments, wafers coated with Teflon-AF or OTS, or PDMS sheets were 
immersed into the PAH-Py solutions in various conditions for 30 min and dried under nitrogen. 
Polyelectrolyte multilayers were assembled upon the PAH-Py layer utilizing an HMS 
programmable slide stainer (Zeiss, Inc.). 10 mM (based on the molecular repeat unit of the 
polymer, -0.1 wt %) polyelectrolyte solutions were prepared with 18.2 M a  Millipore water, and 
were pH-adjusted with HCl or NaOH. The hydrophobic substrates with adsorbed PAH were 
first submerged into the polyanion solutions (PAA or SPS) for 15 min, and then taken through a 
series of three rinse baths of water for I min each. Afterward, the slides were immersed in the 
polycation solutions (PAH or PDAC) for 15 min, followed by the same rinsing procedure. 
3.2.3. Measurements. 
Fluorescence spectra were obtained using a SPEX Fluorolog 3 spectrometer and a DM3000F 
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Figure 3.1. Chemical Structures of Polyelectrolytes 
detector at room temperature and coiling index was calculated as described in chapter 2. The 
topography of substrate surfaces was monitored using a Veeco Nanoscope IV scanning probe 
microscope (Santa Barbara, CA) in tapping mode with a silicon etched tip. During assembling 
rnultilayers, QCM was measured using a home-built device, and the resonance frequency shift, 
dF, of the QCM was calculated. The gold surface of the QCM electrode was modified to a 
hydrophobic surface by reacting with a 2 mM dodecyl thiol solution in hexane. The resonance 
frequency of the QCM electrode was 10 MHz. 
3.3. Results and Discussion 
3.3.1. Polyelectrolyte Multilayers Assembled on Neutral Hydrophobic Surfaces. 
3.3.1.1. Salt Stabilization of the PAH-Py Layer during Multilayer Assembly. 
The stability of the adsorbed PAH-Py chains during adsorption and rinsing steps in the LBL 
assembly process is of paramount interest for building up multilayers upon the primary layer. 
Variation of solvating power, due to different solution pH and ionic strengths, relatively weak 
hydrophobic interactions between the hydrophobic surface and the polymer, and a strong 
tendency to form ionic complexes in solution could cause severe desorption of the adsorbed 
chains or wrinkling of the adsorbed layer. As first shown by Poncet et. a1.,[12] the adsorbed 
layer of a hydrophobic polyanion, hydrophobically modified PAA, was stabilized when treated 
by rinsing solutions with increased ionic strength. The mechanism of this stabilization was 
described by measuring the coiling index under various adsorption conditions and by using in- 
situ ellipsometry. Their results showed that the adsorbed layer was completely depleted when 
rinsed by water without added salt but remained as a stable adsorption layer when treated with a 
rinse solution with added salt. In our study using a hydrophobic polycation, PAH-Py, we 
further traced the stability of the prime PAH-Py layer during the LBL assembly process and 
related it to the multilayer quality after the process. 
The relative amount of depleted PAH-Py lost from the surface in each step of the process 
was evaluated by measuring the fluorescence spectra of the adsorption and rinsing solutions, 
which were kept at constant volumes, and measuring the coiling index of PAH at different steps 
in the process. The salt stabilization effect during the multilayer assembly process for two 
PAH-Pyl/(PAA/PAH)3 films was investigated by changing ionic strength between samples. It 
should be noted that the labeled PAH was used only for the first adhesion layer. 0.1 M NaCl 
was used in the construction of one multilayer sample and excluded in the other, and rinse water 
without added salt was used for both samples. In both cases, PAH-Pyl was first adsorbed onto 
the OTS surface at pH 9 without added salt for 30 min to make a uniform prime layer. It 
should be mentioned that only 1 min rinsing was applied to the first adhesion layer, avoiding 
serious desorption, but three thorough rinsing steps were applied for the following multilayer 
construction steps. During the subsequent assembly process, all of the polyelectrolyte solution 
pH values were fixed at 6.5. At pH 6.5, both PAH and PAA chains are substantially charged, 
causing adsorption of extended chains and producing thin films. By also fixing the pH of the 
rinsing solutions at 5.5-6.5, it was attempted to exclude conformational variations due to pH and 
thus isolate the effect of salt concentration. To avoid long-term fluorescence quenching effects 
or slight changes in pH during assembly, multilayer construction was investigated up to three 
bi layers using fluorescence measurements. 
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Figure 3.2. The relative amount of depleted PAH-Pyl chains during assembly process in the 
case of no added salt in the adsorption solutions (open symbols) and when 0.1M NaCl was 
added in the adsorption solutions (filled symbols). PAH-Pyl was adsorbed at pH 9, and the 
solution pH of all subsequent adsorption solutions of PAH and PAA was fixed at pH 6.5. 
Trace amounts of depleted PAH-Pyl in each step were measured by integrating the fluorescence 
spectra (350-650 nm) from adsorption and rinsing solutions after each step. All solutions were 
refreshed after each step, and the integrated values were normalized to the value obtained from 
the first PAA adsorption solution. Of the three 1 min rinsing steps, only the first rinse solutions 
were monitored for fluorescence. The relative amount of PAH-Pyl removed from the substrate 
surface at each assembly step shows a distinct dependence on salt conditions. A noteworthy 
result, shown in Figure 3.2, is that the depletion of the first adsorbed PAH-Pyl chains was most 
severe in adsorption steps rather than in rinsing steps. In the assembly process following the 
adsorption of the PAH-Py prime layer, the adsorption time of subsequent layers was fixed at 15 
min, which was much longer than the rinsing time of 1 min. This result indicates that the 
depletion process does not achieve an equilibrium state in the short time frame of the assembly 
steps. In this study, it was tried to follow the typical assembly conditions to observe 
multilayer growth rather than to achieve equilibrium conditions like Izumrudov et. a1 .,[I3] thus, it 
should be kept in mind that changing the times allowed for adsorption and rinsing might cause 
additional variation in the multilayer growth. The result also shows that the adsorbed PAH-Py 
chains are seriously depleted from the hydrophobic surface due to increased segment charge 
repulsion and solvation, or to ionic complexation in solution with the oppositely charged 
polyelectrolyte, PAA, during adsorption steps. This severe depletion was significantly 
suppressed when a salt was added into adsorption solutions as clearly shown in Figure 6 due to 
increased hydrophobic affinity to the surface. In the Figure 3.2, the steps at (0.51~ + 0.5) are 
adsorption steps and those at (0.5n + 0.75) are rinsing steps where n = 0, 1, 2, . . ., and only the 
first PAH layer of the 0.0 bilayer is labeled. Thus, in the plot of fluorescence intensities 
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Figure 3.3. Coiling index variation of the PAH-Pyl prime layer during assembly process in the 
case of no added salt in the adsorption solutions (open square and dashed line) and when 0.1 M 
NaCl was added in the adsorption solutions (filled rhombus and solid line). 
normalized to the value of the second PAA solution, the decrease of the depleted amount with 
added salt indicates that the depletion in the subsequent solutions with added salt are remarkably 
small compared to the case of the solutions without added salt. The increase in ionic strength 
shields charged segments, and enhances hydrophobic and van der Waals attractions between 
chains and the surface, causing a significant amount of the adsorbed chains to remain on the 
surface during adsorption and rinsing. 
The coiling index measured from two different ionic strength cases also clearly shows 
the salt stabilization effect during adsorption (Figure 3.3). As described in the previous section, 
the coiling index of PAH-Py is drastically decreased after adsorption on the surface (coiling 
index - 3). It is further decreased when the substrate is submerged into the subsequent PAA 
adsorption solutions (coiling index - I ) ,  which might originate from decreasing interpolymeric 
pyrene association due to depletion, PAH-Py chain extension or dissociation of pyrene 
aggregates during ionic complex formation of PAH-Py and PAA on the surface. A dramatic 
variation of the coiling index was observed after a three-bilayer assembly process. Without salt 
addition, the coiling index increased nearly up to the value in solution (coiling index - 6), 
indicating that polymer chains adsorbed in a stretched form were assuming more coiled 
conformations again on the surface. In comparison, the chains maintained their extended 
conformations when 0.1 M NaCl salt was added into the subsequent PAH and PAA adsorption 
solutions (coiling index - 2) although recoiling still occurs in a relatively small extent. 
3.3.1.2. Multilayer Quality with Salt Stabilization. 
The two phenomena described in the previous sections in the no added salt regime - the 
conformational change of the adsorbed chains from an extended to a coiled state, and priming 
layer depletion during the assembly process - result in coagulation of ionic complexes on the 
surface upon multilayer formation. The chains do not keep their extended conformation on the 
surface without added salt, and effectively dewet and desorb, leaving coiled polymer chains on 
the surface. These chains form ionic complexes with the incoming counter polyelectrolytes 
during multilayer adsorption; thus, after building up many bilayers, the final surface morphology 
becomes rougher, forming domains of ionic aggregates rather than flat multilayers. The AFM 
topography of (PAWPAAh.5 assembled at pH 6.516.5 without added salt on raised areas of 
PDMS stamps (Figure 3.4a in height mode and Figure 3.4b in phase mode) shows such a surface 
morphology which has developed due to coiling and desorption. After only a 3.5 bilayer 
assembly, the bare PDMS surface becomes exposed and the height of the polyelectrolyte 
aggregates on the surface is around 67 nm on average and the rms roughness is 16.2 nm. This 
instability of polyelectrolyte thin films becomes more marked after assembling additional 
bilayers. For (PAWPAA)lo.5 assembled at the same conditions, a larger area of bare PDMS 
surface is exposed, presenting tiny islands of polyelectrolyte aggregates with 25 nm height on the 
surface and 6.5 nm rms roughness, as shown in Figure 3.4e,f. 
With salt stabilization, the resulting polyelectrolyte multilayers become less coagulated. 
In the case of (PAWPAA)3.5 assembled at pH 6.516.5 with 0.1 M NaCl, the coiling and dewetting 
behavior is significantly suppressed because of increased ionic strength. AFM images (Figure 
3 . 4 ~  in height mode and Figure 3.4d in phase mode) show a flat surface with an rms roughness of 
4.4 nm, consistent with the coiling index variation described in the previous section. Although 
there is significant morphological evolution after 10.5 bilayer assembly at the conditions that 
lead to a very rough multilayer (45 nm rrns roughness), a less exposed PDMS surface is found 
for this film than the one formed without salt, and the morphology is regular with about 160 nm 
height, as seen in Figure 3.4g,h. 
While multilayers could uniformly be formed with salt stabilization, high ionic strength 
is not the only factor that guarantees uniform multilayer formation. The hydrophobicity of the 
polyelectrolytes plays an important role in the resulting multilayer quality, and multilayer 
formation would be possible without added salt if all of the polyelectrolytes employed were 
strongly hydrophobic, as reported by Delcorte and ~ertrand.["] In comparison, as shown in this 
study, the use of a hydrophilic polyanion, PAA, seems to make the formed multilayer less stable, 
causing the evolution of a rough morphology as the number of layers increases. 
The development of domainlike polyelectrolyte coagulates observed when we use 
polyelectrolytes with pH-dependent degrees of ionization might be explained by dewetting 
theories of thin liquid films. On a nonwettable surface, thin liquid films can be dewet via 
nucleation and growth or spinodal decomposition mechanisms.[141 In this work, we could 
observe a morphology evolved through spinodal decomposition in (PAWPAA)lo.5 assembled at 
pH7.513.5 without added salt (Figure 3.44 21 nm rms roughness). In a specific example of 
polystyrene thin films on a silicon substrate,[15] the thin films broke up due to the amplification 
of thermal fluctuations and phase separation, and evolved to form wrinkled and coarsened 
patterns, which were elucidated using a capillary wave instability model. We think that a similar 
theoretical treatment can be applied to multilayer thin films to explain the phenomena in Figure 
3.4a-i, a study which is ongoing. 
A flat and smooth multilayer without surface roughening was obtained with salt 
Figure 3.4. All films shown were constructed on a PAH base layer adsorbed at pH 9.0. AFM 
images of (PAHIPAA),., (no added salt, pH 6.516.5) (a) in height mode and (b) in phase mode; 
(PAHIPAA),, (0.1M NaCI, pH 6.516.5) (c) in height mode and (d) in phase mode; (PAHIPAA)lo.5 
(no added salt, pH 6.516.5) (e) in height mode and (9 in phase mode; (PAHIPAA)lo.5 (0.1 M NaCI, 
pH 6.516.5) (g) in height mode and (h) in phase mode; (i) (PAHIPAA)lo.S (no added salt, pH 
7.513.5) in height mode; PAHI(SPSIPDAC)lo.5 (0.1M NaCI, pH 5.515.5) (j) in height mode and (k) 
in phase mode. All multilayers were assembled on PDMS stamps with micropatterned lines and 
AFM images were scanned for the multilayen on positive motifs. The scan size of all images is 
1 0 ~ 1 0 p m ~  and the length of scale bar is 2pm. The z-range is 200 nm for (a)-(d) and 520 nm for 
(d)-(k). (I) An optical microscope image of transfer-patterned PAHI(SPSIPDAC)10.5, taken in a 
reflection mode. 
stabilization when we combined a weak PAH base layer with a hydrophobic strong polyion pair 
as shown in Figure 3.4j,k. In this example, a PAH/(SPS/PDAC)lo.5 multilayer was built up at pH 
5.5/5.5 with 0.1 M NaCl on a PDMS stamp, resulting in no morphological evolution and 5.4 nm 
rms roughness. Transfer-printed line patterns of PAW(SPS/PDAC)lo.5 assembled with salt 
stabilization are shown in an optical microscope image in Figure 3.41. It is clear that the 
combination of (a) achieving a uniform hydrophobic weak polyelectrolyte base layer (as in 
Figure 3.4c,d) and (b) using a more hydrophobic polyion pair can lead to highly uniform, stable 
film. 
It is noted that film stability on neutral hydrophobic surface is extremely sensitive to 
process conditions such as substrate orientation, rinse times, and exposure to shear flow during 
adsorption; here we observe the more challenging condition of a lateral surface that may undergo 
some shear on dipping. 
Stabilization with differing salt concentrations was investigated by building up 
multilayers of SPS and PDAC on our PAH-coated neutral hydrophobic surface, and by 
measuring QCM. In varying NaCl concentrations from 0 to 0.4 M, the regular growth of 
multilayers appears when 0.1 and 0.2 M NaCl were added into polyelectrolyte solutions, which 
is typical with strong polyelectrolytes with added electrolytes,['67 17] but at conditions of 0, 0.3, 
and 0.4M NaCl, we did not observe regular growth of multilayers (Figure S4). This results show 
th.at multilayering of the polyelectrolytes on the surface utilizing weak short-range interactions is 
possible only in a narrow salt range, different from that on a charged surface.['3y 16] 
SPS and PDAC were chosen to completely exclude the pH dependence in the degree of 
ionization of polyelectrolytes, in order to solely observe the effect of salt concentration in 
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Figure 3.5. Frequency shift of QCM during a (SPSIPDAC),, multilayer assembly depending of 
the existence of the PAH base layer and salt concentrations in SPS and PDAC solutions. 
multilayering on a neutral hydrophobic surface. The frequency shift in QCM measurements is 
plotted as a function of the number of bilayers in Figure 3.5. Similar to multilayering SPS and 
PDAC on a charged surface, multilayer growth is the thickest at 0.1 NaCl condition on our PAH- 
coated neutral hydrophobic surface. The importance of the PAH primary layer is also confirmed 
by building up multilayers comprised of SPS and PDAC without (open square in Figure 3.5) the 
PAH base layer. As SPS and PDAC have considerable hydrophobicity, they could be assembled 
on a neutral hydrophobic surface without the base layer when 0.1M NaCl was added. However, 
the frequency shift was noticeably small compared to the case with the PAH base layer at the 
same ionic strength, proving that the hydrophobic weak polyelectrolyte, PAH, was a better 
choice than a hydrophobic strong polyelectrolyte, PDAC, as a base layer for multilayering on the 
neutral hydrophobic surface. 
3.3.2. Morphological Evolution during Multilayer Assembly. 
The previous section focused on the effect of ionic strength for polyelectrolyte multilayer growth 
on a neutral hydrophobic surface. Obviously, adjustment of ionic strength was the major factor 
for strong polyelectrolytes to be stably deposited on the neutral hydrophobic surface. There 
exists an optimal concentration of salt ions and pH adjustments are not meaningful as the strong 
polyelectrolytes are fully charged over almost all pH range. In the case of weak 
polyelectrolytes whose degrees of ionization are pH-dependent, the ionic strength effect can be 
observed where both polycation and polyanion are substantially charged, that is, at the same pH 
6.5 for the weak polyelectrolyte pair employed in this thesis, PAH and PAA. Under salt free 
condition at this pH, there is no multilayer growth on the neutral hydrophobic surface mainly 
because both form ionic complex in medium due to their strong ionic pairing and because 
hydrophilic PAA cannot provide hydrophobicity for polymer chains enough to be attracted to the 
surface. Deposition of materials, LBL buildup, on the neutral hydrophobic surface occurs when 
an ionic salt such as NaCl is added into solutions. Morphologies of [PAWPAA], multilayers 
that come up at these conditions of charged states are dewet patterns through a nucleation and 
growth path as shown in Figure 3.4e-h. Definitely, this is a subject of thin film instability. In 
this study, the morphological evolution began from a single layer that was compactly adsorbed 
onto the surface with about 5 nm thickness. Exposing this layer into unstable media of PAA 
solution and rinsing water developed dot-like pattems via a nucleation growth mechanism in 
dewetting phenomenon, continuously loosing materials from the surface as the number of 
deposition cycle increased. Even if the depletion of materials was suppressed by increasing 
ionic strength, increasing hydrophobic attraction by shielding electrostatic repulsion just resulted 
in a retardation of that desorption and morphological evolution. This inherent instability of the 
thin film is possibly because the intrinsic hydrophilicity of PAA chains. 
A stable multilayer growth of PAH and PAA may occur on a neutral hydrophobic surface 
with appropriate pH adjustments. For the weak polyelectrolyte pair of PAH and PAA, there is a 
variety of mismatch in the degrees of ionization. For examples at a lower pH than 6.5, PAH 
c,hains are almost charged, but PAA is not.[lgl From the bilayer thickness map of [PAH/PAAIn 
multilayers as a function of dipping solution pH by Shiratori and ~ubner , [ '~]  it is expected that a 
regular deposition of PAH and PAA may occur when pH's of PAH and PAA solutions are 
controlled at 7.5-8.5 and 2.5-4.5, respectively. At these pH range, PAH has a degree of 
ionization around 60-80% and PAA does that around 0-1 0%. This indicates that the 
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Figure 3.6. Frequency shift of QCM during a (PAHIPAA) multilayer assembly at pH 7.513.5 on an 
alkyl surface: (a) that of 12 bilayers and (b) an enlarged graph at 8.5 and 9.0 bilayers. 
degree of ionization of hydrophilic PAA (contact angle of a PAA top surface: is 
significantly low and that a LBL assembly of PAA at this pH together with hydrophobic PAH 
(contact angle of a pure PAA thin film: 50-60")[~~~ 211 might cause a stable growth of a 
polyelectrolyte multilayer on the neutral hydrophobic surface. A frequency shift measurement 
by quartz crystal microbalance in Figure 3.6 shows that PAH and PAA can build up a LBL 
assembled thin film on a neutral hydrophobic surface at pH 7.5 and 3.5, presenting linear growth 
in  mass above 4 bilayer deposition. Interestingly, the amount of deposited mass is larger for 
PAA deposition than for PAH deposition as shown in Figure 3.6b. 
Although there should exist a LBL buildup of PAH and PAA at pH 7.5 and 3.5, the final 
morphology of the thin film was not a flat surface, but a vermicular pattern as shown in Figure 
3.4i. Such patterns were also reported on a charged surface in a literature.['7y211 As the first step 
to explore the origin of this morphology, AFM images of the LBL assembled thin film were 
captured at every layer from 0.5 to 6.0 bilayers and the results were illustrated in Figure 3.7. 
The LBL process was not interrupted to scan the images at every deposition step. Instead, for 
twelve images in Figure 3.6, twelve substrates coated with Teflon-AF were prepared and each 
substrate was LBL-processed at the same condition up to a designated number of bilayers 
without allowing to be dried. Any drying during assembly was forbidden to exclude the drying 
effect on film quality, but the AFM image scanning was carried out on a dry substrate after 
assembling a designed number of bilayers. To capture a real process of the morphological 
evolution, one might want to capture in-situ AFM images. However, as shown in Figure 3.6b, 
above 50 % of mass is deposited in 1-2 min, which means that the morphological evolution is 
significantly progressed while adjusting optics of AFM machine in water medium before image 
scanning. Also, in attempts to scan in-situ images, it was found that the morphologies in water 
and after drying did not show a significant difference. Therefore, the images shown in Figure 
3.7 were scanned on a dry state. 
Two distinct morphological evolutions appear in assembling [PA WPAA], multilayer on 
a Teflon-AF surface (Figure 3.7). The results show that polyelectrolytes deposited on the 
surface cannot cover all the surface until reaching 5 bilayers, but develop certain thin film 
morphologies that be clearly recognized after assembling more than 5 bilayers. The first is that 
a vermicular pattern is evolved via a spinodal decomposition mechanism (Figure 3.71) 
particularly in every PAA adsorption step at n = 1, 2, 3, 4, 5, and 6. The second shows up at 
every PAH adsorption step at n = 0.5, 1.5, 2.5, 3.5, 4.5, and 5.5. Different from the PAA 
adsorption steps, there does not exist any morphological evolution, but smoothening of the thin 
film although holes appear where the amount of deposited polyelectrolytes is deficient to fully 
cover the surface. This alternation of a morphological evolution via a spinodal decomposition 
and a smearing of the thin film is continued and more explicitly shown at 10 and 10.5 bilayer 
adsorption steps (Figure 3.8a, b, c, and d). At the PAA adsorption, the surface shows a RMS 
roughness of 14 nm with a clear vermicular pattern, but the rough morphology is blurred at the 
PAH adsorption with a roughness less than 5 nm. Interestingly, this alternation disappears as 
the bilayer number increases, that is, above 15 bilayer assembly, the surface morphology does 
not show significant difference for both PAH and PAA adsorption steps. 
The behaviors of morphological evolution can be described in a way similar to what 
Mendelsohn and coworkers used.12'] Under the assembly condition of pH 7.5 and 3.5 for PAH 
and PAA, weakly ionized PAA chains are deposited onto nearly fully charged PAH chains. 
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Figure 3.8. Atomic force microscopy images in height mode scanned at each step of a 
(PAH1PAA)n multilayer assembly process at pH 7.513.5. Scan sizes of all images were 3x3 
pm2 and z-ranges were 200 nm. 
In this condition, PAA chains in the adsorbed thin film seems to have a lower pKa value (-2.5) 
than that in medium (-6.5),[67201 becoming readily ionized to form ion pairs with PAH molecules. 
Together with increased ionized carboxylate groups in the film, the intrinsic hydrophilicity of 
PAA chains provides instability to the thin film on the neutral hydrophobic surface and induces a 
phase separation via spinodal decomposition. On the other hand, at the PAH adsorption, nearly 
fully charged PAH chains adsorb to this phase separated thin film. At pH 7.5, both PAH and 
PAA chains are significantly charged, thus form ionic pairs without severe mismatch in the 
degree of ionization, and are able to be completely mixed each other. Also, as described in 
Section 3.3.1, PAH chains are hydrophobic enough to be attracted and spread out onto the neutral 
hydrophobic surface. As results, the morphology is smeared at the PAH adsorption step. 
Smearing of morphology becomes indistinct after about 15 bilayer assembly and this 
phenomenon can be rationalized upon the linear growth mechanism of the LBL thin film. For 
polyelectrolyte pairs consisting of at least one polypeptide or polysaccharide such as poly(L- 
lysine), poly(L-glutamic acid), and hyaluronic acid, the thickness of LBL thin films grew 
exponentially as the number of bilayers  increase^.[^^-^^] It is widely believed that the diffusion of 
at least one of two polyelectrolytes through the thin film might be responsible to this exponential 
growth.[5y291 The polyelectrolyte molecules travel in and out of the multilayer thin film without 
forming a frozen electrolyte complex with the oppositely charged polyelectrolyte. If the 
PAH/PAA pair had such a growth mechanism, the alternation of morphological evolution would 
be continued for the multilayers over 15 bilayers. However, as shown in Figure 3.6, this pair of 
polyelectrolytes shows a linear growth mechanism. This means that because of less mobility 
and diffusion of materials the layer structure becomes stratified although there exists fuzzy 
interpenetration between layers and even though drastic alternation of morphologies occurs in 
the lower number of bilayer deposition. Discrete change of contact angles from 10-20' for the 
PAA top surface to 50-60° for the PAH top surface above 15 bilayer assembly also supports this 
description. 
3.4. Summary 
The mechanism of multilayer growth of polyelectrolytes on a neutral hydrophobic surface has 
been investigated by observing the conformational and depletion behaviors of the first adhesion 
layer of a weak polyelectrolyte, PAH, on the surface during assembly processes, and the behavior 
has been compared to the final quality of the resulting multilayer thin films. The salt 
stabilization clearly affected multilayer formation on the PAH primary layer. When LBL 
assembly processes were carried out using a weak polyelectrolyte pair at substantially charged 
pH condition and a strong polyelectrolyte pair, without an added electrolyte in the polyelectrolyte 
solutions, the first adhesion layer was seriously depleted, and the extended chains on the surface 
recoiled and dewet during the assembly process, causing the development of coagulated 
polyelectrolyte structures. On the other hand, uniform and flat multilayer thin films could be 
formed on the surface with an added electrolyte. For multilayers that grew regularly on the 
surface, the concentration of the added electrolyte had a narrower window than on a charged 
surface. For a weak polyelectrolyte pair of PAH and PAA with pH-dependent degree of 
ionization, a linear growth of deposited mass was observed at pH 7.5 and 3.5, but a 
morphological evolution occurred due to intrinsic hydrophilicity of PAA chains and a severe 
mismatch in the degree of ionization at each adsorption step. 
Future directions of this work involve applying MTP to practical device fabrications and 
include a theoretical characterization of the instability of the muitilayer thin films as a function 
of assembly conditions. Using the principles found in this study, nanocomposite thin films 
including various kinds of charged materials such as electroluminescent and electrochromic 
nanocrystals, biofunctional molecules, or functional polyelectrolytes can be formed on a neutral 
hydrophobic PDMS surface. It is anticipated that the transfer printing of these thin film 
patterns will accelerate the development of devices utilizing LBL multilayer thin films with 
simple processing. 
3.5 References 
J. Park, P. T. Hammond, Ah? Mater: 2004,16,520. 
J. Lutkenhaus, K. Hrabak, K. McEnnis, P. Hammond, J. Am. Chem. Soc. 2005,127, 
1 7228. 
A. Mamedov, N. Kotov, M. Prato, D. Guldi, J. Wicksted, A. Hirsch, Nat. Matel: 2002, 1, 
190. 
N. Kotov, Nat. Mater: 2004,3,669. 
P. Yoo, K. Nam, J. Qi, S. Lee, J. Park, A. Belcher, P. Hammond, Nat. Mater: 2006,5,234. 
R. v. Klitzing, H. Mohwald, Langmuir 1995,11,3554. 
C. Jiang, S. Markutsya, V. Tsukruk, A h .  Mater: 2004, 16, 157. 
A. Nolte, M. Rubner, R. Cohen, Macromolecules 2005,38,5367. 
M. J. Roberts, G A. Lindsay, W. N. Herman, K. J. Wynne, J. Am. Chem. Soc. 1998,120, 
11202. 
A. Delcorte, P. Bertrand, E. Wischerhoff, A. Laschewsky, Langmuir 1997,13,5 125. 
G. Kramer, K. Buchhammer, K. Lunkwitz, CoNoids Surf: A 1997,122, 1. 
C. Poncet, F. Tiberg, R. Audebert, Langmuir 1998,14, 1697. 
V. Izumrudov, E. Kharlampieva, S. A. Sukhishvili, Macromolecules 2004,3 7,8400. 
F. B. Wyart, J. Daillant, Can. J. Phys. 1990,68, 1084. 
R. Xie, A. Karim, J. F. Douglas, C. C. Han, R. A. Weiss, Phys. Rev. Lett. 1998,81, 125 1. 
S. L. Clark, M. F. Montague, P. T. Hammond, Macromolecules 1997,30,7237. 
R. A. McAloney, M. Sinyor, V. Dudnik, M. C. Goh, Langmuir 2001,17,6655. 
J. Choi, M. F. Rubner, Macromolecules 2005,38, 116. 
S. S. Shiratori, M. F. Rubner, Macromolecules 2000,33,42 13. 
D. Yoo, S. S. Shiratori, M. F. Rubner, Macromolecules 1998,31,4309. 
J. D. Mendelsohn, C. J. Barrett, V. V. Chan, A. J. Pal, A. M. Mayes, M. F. Rubner, 
Langmuir 2000,16,5017. 
P. Lavalle, C. Picart, J. Mutterer, C. Gergely, H. Reiss, J. Voegel, B. Senger, P. Schaaf, J. 
Phys. Chem. B 2004,108,635. 
C. Picart, J. Mutterer, L. Richert, Y. Luo, G Prestwich, P. Schaaf, J. Voegel, P. Lavalle, 
Proc. Natl. Acad. Sci. U.S.A. 2002,99, 1253 1. 
C. Picart, P. Lavalle, P. Hubert, F. Cuisinier, G Decher, P. Schaaf, J. Voegel, Langmuir 
2001,17,7414. 
D. Elbert, C. Herbert, J. Hubbell, Langmuir 1999,15,5355. 
P. Lavalle, C. Gergely, F. Cuisinier, G Decher, P. Schaaf, J. Voegel, C. Picart, 
Macromolecules 2002,35,445 8. 
F. Boulmedais, V. Ball, P. Schwinte, B. Frisch, P. Schaaf, J. Voegel, Langmuir 2003, 19, 
440. 
[28] B. Schoeler, E. Poptoschev, F. Caruso, Macromolecules 2003,36, 5258. 
1291 P. Kujawa, P. Moraille, J. Sanchez, A. Badia, F. Winnik, I Am. Chem. Soc. 2005, 127, 
9224. 
Chapter 4. Multilayer Transfer Printing of Layer-by-layer Assembled 
Polyelectrolyte Composite Thin Films 
Reproduced with permission from Park, J.; Hammond, P. T. Multilayer Transfer Printing for 
Polyelectrolyte Multilayer Pattering: Direct Transfer of Layer-by-Layer Assembled 
Micropatterned Thin Films, Advanced Materials 2004, 16, 520-525. Copyright 2004 John Wiley 
1% Sons Inc. 
4.1. Introduction 
Amongst focus topics regarding polyelectrolyte multilayers such as theory, methodology, 
processing, and applications, the particular interest of this chapter is to explore how such 
techniques could be used to fabricate commercial devices. For any commercially relevant 
functionality, electro-optic and electronic devices, flexible displays, micropower or sensor 
applications, it is critical to control the 2 and 3 dimensional placement of polyelectrolyte 
multilayer films on substrates. 
Layer-by-layer thin films have typically been patterned using additive processes such as 
selective deposition['"] or microfluidic channels,[41 or hydrogen-bonded m ~ l t i l a ~ e r s [ ~ ~  61 and 
photoreactive m ~ l t i l a ~ e r s [ ~ ~ ~ ~  via a subtractive mechanism of "erasing" multilayer films. Each 
of these processes presents technical challenges in obtaining 100% selectivity in the final pattern, 
gaining the ability to incorporate multiple components and lateral patterning, and ultimately 
achieving methods that are low cost and readily adaptable to roll-to-roll or similar large-scale 
processing schemes. The Hammond group introduced a means of patterning polyelectrolyte 
multilayers during adsorption utilizing chemically patterned surfaces that guide polymer 
adsorption to specific regions based on selective deposition with one or two components,['y 21 
which has since been demonstrated using electric fields.13] One of the challenges of selective 
deposition is the tuning of the deposition selectivity via processing conditions and polyion 
composition to achieve high selectivity. Recent approaches developed by Granick and 
~ukhishivil i ,~~ Yang and ~ u b n e r , ~ ~ ]  Bruening and coworkers,[71 and Zhang and coworkers[*] 
demonstrated robust patterning of multilayers utilizing UV or thermal crosslinking followed by 
dissolving non-crosslinked areas. Advantages of these subtractive approaches include 
improved mechanical and chemical stability of the multilayer patterns that is most important for 
surviving harsh conditions of downstream processes. 
In applying multilayer patterns to practical device fabrication, the patterning of multiple 
components in both two and three dimensions is of paramount interest. The ability to place 
films of different compositions onto a surface, and to construct multi-tired devices in the z 
direction, as well as achieving control over the positioning, is a critical goal that has not yet been 
realized. To achieve this objective, here is presented a direct method to patterning 
polyelectrolyte multilayers in an additive approach fundamentally different than the above 
methodologies. A schematic illustrating this approach, termed multilayer transfer printing 
(MTP), is given in Figure 1.3. In this process, a polyelectrolyte multilayer is fabricated by the 
alternating adsorption of a polyanion/polycation pair directly onto the surface of a 
polydimethylsiloxane (PDMS) stamp. The stamp is then placed onto a substrate which is 
oppositely charged from the multilayer top surface, and the multilayer is transferred in its 
entirety to the substrate, resulting in a patterned multilayer thin film on the substrate surface at 
100% selectivity. When different kinds of multilayer composites are sequentially printed onto 
or next to the previously stamped multilayer patterns, both multilevel and multicomponent 
pattern structures are conveniently introduced onto the substrate. The concept has been 
demonstrated for the transfer of gold and other metals.Py lo] 
4.2. Experimental 
4.2.1 Materials and Stamp Preparation. 
Poly(ally1amine hydrochloride) (PAH, MW = 70,000), poly(diallyldimethylammonium chloride) 
(PDAC, MW = 100,000 - 200,000, 20 wt% in water), and sulfonated polystyrene (SPS, MW = 
100,000) were purchased from Aldrich and used without further purification. Sulfonated poly- 
p-phenylene was donated from the Reynolds group. Water soluble fluorecscein disodium salt 
and tetraphenylporphine tetrasulfonic acid were obtained from Eastman Organic Chemicals and 
Tokyo Chemical Industry, respectively. 
A Cr photo mask (Advanced Reproductions, Andover) and a corresponding silicon 
master (Microsystems Technology Lab, MIT) were prepared and poly(dimethy1siloxane) 
(PDMS) stamps were created by curing Sylguard 184 (a two-ingredient elastomer kit purchased 
from Dow Chemical) on top of the silicon master at 60 OC for 5 h. 
4.2.2 Multilayer Build-up onto PDMS Stamp. 
A 20 m M  (repeat unit basis) PDAC, a 10 mM SPS and a 50 mM PAH aqueous solutions were 
prepared with Milli-Q water (18 Ma). 0.1 M NaCl was added into SPS and PDAC solutions. 
Unadjusted pH of SPS and PDAC solutions were 5.8 and 5.4, respectively. The pH of the PAH 
solution was adjusted to 7.5 with NaOH. All polyelectrolyte solutions were filtered with a 0.22 
pm filter. PDMS stamps were attached to cleaned glass substrates using epoxy glue, placing the 
stamp surface with pattern features upward. A layer-by-layer dipping assembly was carried out 
utilizing a Carl Zeiss slide stainer to automate the process. The stamps attached to glass 
substrates were first submerged into the PAH solution for 15 min and briefly rinsed in deionized 
water (pH-unadjusted : 5.5-6.5) for 1 min with agitation. Then, the stamps were alternatingly 
dipped into SPS and PDAC solutions for 15 min. After each dipping step, the stamps were 
thoroughly rinsed three times for 2, 1, and 1 min, respectively, with agitation. For constructing 
composite films of fluorescent materials and polyions, 1 mM of TPPS (pH 7.0) and PPP- (pH 
unadjusted) aqueous solutions were prepared and 0.1M NaCl was added. The assembly 
conditions were same as above. 
4.2.3 Transfer Printing Process. 
Multilayer platform on glass plates was prepared using the same dipping procedure in the above. 
A PDMS sheet was prepared by curing Sylguard 184 on a silicon wafer. The PDMS sheet was 
treated in plasma (Harrick, Plasma Cleaner PDC-32G) under an air stream for 20 sec to prevent 
severe development of the Si0,-like brittle layer that forms under pure oxygen plasma.[111 The 
plasma power was set at 60W and pressure in the plasma chamber was controlled in a range 
0.18-0.20 t o n  Right after plasma treatment, both stamp and substrates were exposed to 100% 
relative humidity, and then immediately brought in contact with each other. Exposure to high 
humidity was indispensable to providing a surrounding in which the multilayer on the stamps 
and negatively charged substrates (both a PDMS sheet and (SPSIPDAC),lglass substrates) 
experience strong electrostatic interactions upon contact. 
4.2.4 Measurements. 
The topography of the transferred multilayer patterns was observed using a Digital Instruments 
Dimension 3000 atomic force microscope in a tapping mode with a silicon etched tip. To 
visualize the transferred patterns, fluorecscein disodium salt was dissolved into deionized water 
to prepare 1 mM dye solutions and pH was controlled with NaOH aqueous solutions to 6, 9 and 
I I .  Then, patterned substrates were immersed into these solutions for 30 sec, a short time to 
avoid diffusion of dye molecules into the multilayer bulk. The fluorescence images were 
captured using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss Inc., Thornwood, NY). 
The average relative fluorescence intensities (the average intensity of emission area/ that of non- 
emission area) were calculated using NIH ImageJ software. 
4.3. Results and Discussion 
4.3.1 Multilayer Transfer Printing Process 
PDMS stamps with micron-scale topographical features - positive patterns with various sizes 
and 6 p.m height - were immersed in an aqueous solution of PAH (pH7.5, no added salt) to allow 
adsorption of a layer of polycation on the surface. Following the adsorption of this first layer, 
alternating adsorption from SPS (0.1 NaCl, pH 5.8) and PDAC (0.1 NaCl, pH 5.4) solutions 
yielded the construction of a complete polyelectrolyte multilayer on the stamp surface which we 
will hereafter denote (PAH)I(SPS/PDAC)n. The final polyelectrolyte was PDAC, resulting in a 
positively charged top multilayer surface. To successfully transfer the multilayer thin film from 
the stamp to a substrate, the hydrophobic interactions between the PAH base layer and the PDMS 
surface must be weaker than electrostatic interactions between the PDAC top surface and the 
negatively charged substrate onto which the film is transferred. A negatively charged PDMS 
substrate was created by treating a PDMS sheet in air-plasma. The PDMS stamps containing 
t:he multilayer were placed in contact with the plasma treated PDMS sheet for 30 minutes 
immediately after exposing both the stamp and the substrate to high humidity. When the stamp 
was removed, the patterned polyelectrolyte multilayer film was transferred to the PDMS sheet. 
To illustrate the diversity of surfaces that can be used in this method, an alternative negatively 
charged substrate was prepared by building a (SPS/PDAC)lo multilayer platform with SPS top 
surface atop a glass substrate. In this case, the stamp was contacted with the SPS top surface of 
the platform, resulting in transfer of the patterned multilayer film to the (SPSIPDAC)lolglass 
substrate. Similarly, transfer can be made directly to glass, other metal oxides, and plasma- 
treated plastics. 
4.3.2 Adhesion Layer for Balancing Force Differences at Interfaces 
A fine balance must be in the MTP process so that the base layer of the multilayer should be 
strongly attracted to and evenly adsorbed on the PDMS stamp surface; without a smooth 
underlying layer, non-uniform multilayers will result. On the other hand, the attractive 
interaction forces between the stamp and the polyelectrolyte base should be weak enough to 
allow ready detachment. To achieve this delicate balance, hydrophobic interactions between 
the PDMS stamp and the PAH base layer is exploited. The role of the initial hydrophobic weak 
polyelectrolyte, PAH, to condition the hydrophobic, untreated PDMS stamp is crucial to the MTP 
process. The adsorption of this first layer using non-electrostatic interactions creates a charged, 
wettable surface for the construction of multilayers (in this case, (SPSIPDAC)n), making the 
MTP process achievable. When multilayers are build upon ionized stamp surfaces, for example, 
plasma-treated PDMS, MTP is not reproducible or transfer does not occur even if the degree of 
ionization on the stamp surface is carefully controlled. 
The hydrophobic backbone of PAH accommodates the adsorption of a charged initial 
layer of polycation depending on pH conditions;[121 the adhesion of this first layer is based on 
non-electrostatic interactions of the PAH hydrocarbon backbone with hydrophobic PDMS 
surface. The first PAH layer could potentially be desorbed during the subsequent layer-by-layer 
assembly process because solvating strength and agitation during rinsing steps could overcome 
the sticking energy of PAH chains to the PDMS surface. Therefore, the PAH layer is further 
stabilized by maintaining subsequent dipping solutions at a relatively high ionic strength (0. I M) 
by the addition of alkali metal halide ~a l t . [ ' ~ "~ ]  The fundamental mechanism of this 
stabilization is anticipated from the Dobrynin and Rubinstein theory that describes adsorption 
behavior of hydrophobic flexible polyelectrolytes at oppositely charged surfaces.[151 In an 
extreme case of that theory involving negligible surface charge and strong hydrophobic 
interactions between surface and polyelectrolyte, added salt enhances hydrophobic interactions 
by screening polymer ionization. As a net effect, the adsorbed polyelectrolyte chains overlap 
each other and make more contacts with the hydrophobic surface. As suggested from this 
theory, the adsorbed PAH could be further stabilized and smoothed by the 0.1M NaCl salt 
concentration in the subsequent polyelectrolyte solutions. The stabilization of this PAH layer 
allows the system to endure the dipping process, and makes the multilayer film formed uniform. 
Without this salt stabilization of PAH, multilayer formation is inhibited; multilayers that do form 
undergo cracking and wrinkling due to dewetting and shrinking. 
4.3.3 Characterization of the Process. 
Complete transfer of the multilayer is illustrated through atomic force microscopy (AFM) 
imaging as in Figure 4.1 and by the use of a fluorescent dye as in Figure 4.2b and c that 
Figure 4.1. AFM images of the (PAH)1(SPS/PDAC)7 multilayer pattern transferred to an air 
plasma-treated PDMS sheet. 
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Figure 4.2. Fluorescence microscopy images after multilayer transfer printing: (a) the chemical 
structure of fluorescein disodium salt (b) (PAH)l(SPSIPDAC), multilayer patterns with the PAH 
top surface, transferred to a (SPSIPDAC)ldglass substrate; (c) PDMS stamp surface with the 
PDAC top layer after transfer process. 
selectively stains the charged surface of the transferred multilayer. When a 
(PAH)I(SPS/PDAC)~ multilayer was transferred, the thickness and surface roughness of the film 
were 27 nm and 1 nm, comparable values to previous results.[12y 16] The thickness of the 
transferred (PAH)I(SPS/PDAC), multilayers (5<n<ll) linearly increased with the number of 
layers. The top surface of the transferred multilayer is expected to be the PAH layer that served 
as the base layer for polyelectrolyte build-up. By varying the pH of fluorescein disodium salt 
solutions from pH 6 to 11, the amount of dye adsorbed on the pattern surface was found to 
correlate with the dependence of PAH ionization on pH, [17-19] and thus the average relative 
degree of fluorescence intensities decrease from 2.8 (pH 6) to 2.2 (pH 9) and 1.6 (pH 11). The 
dye exists as its fully anionic form above pH 5.6. Thus the decreasing in intensity with 
increased pH reflects decreasing positive charge density in the PAH layer. These results 
confirm that the top layer of the film contains PAH, which was the base layer in the original 
multilayer film prior to transfer. The surface of the stamp after transfer was also observed to 
determine if any multilayer film remains on the stamp surface. The fluorescence image of the 
stamp itself in Figure 4 . 2 ~  reveals no fluorescence on the square areas where the transferred film 
existed. The multilayer film that was built up on the non-contacting regions of the stamp 
remain, with a PDAC top surface, thus resulting in staining of the outer surrounding regions of 
the pattern. This result demonstrates that the resulting transferred film is complete, and that the 
multilayer remained completely intact during the transfer process. The MTP process was 
reproducible over a 1x1 cm2 area in this experiment and is possible for even larger areas. 
4.,3.4 Advantages of the Process 
Proof of potential advantages of MTP was demonstrated by multiply stamping two or three 
different types of multilayer composites on a substrate, resulting in the multilevel and 
multicomponent patterns. For line patterning shown in Figure 4.3, two fluorescent materials, 
1.etraphenylporphine tetrasulfonic acid (TPPS, a red fluorescent dye)1201 and sulfonated poly-p- 
phenylene (PPP-, a blue fluorescent conjugated polymer),[2y 211 were chosen as functional model 
systems. The blue multilayer system (PAH)l(PPP-/PDAC)a5 and the red multilayer system 
(PAH)i(SPS/PDAC/TPPS/PDAC)3(SPS)l were built up separately on PDMS stamps, and these 
films were then transferred onto a PDAC top surface of a multilayer platform. To demonstrate 
the construction of multilevel line structures with various widths (30-60 pm), 
(PAH)l(SPSlPDAC/TPPSIPDAC)3(SPS)l line patterns were first transferred onto a PDAC 
platform. The resulting outermost surface on the platform was thereafter comprised of both 
PAH and PDAC. Then (PAH)l(PPP-/PDAC)6.5 line patterns with a PPP- top surface were 
stamped perpendicular to the first printed lines. The fluorescence microscopy images in the 
Figure 4.3a and b taken using Rhod and DAIC filters selectively show both red fluorescence 
from horizontally printed (PAH)l(SPS/PDAC/TPPS/PDAC)3(SPS)1 lines and blue fluorescence 
fi-om vertically printed (PAH)I(PPP-/PDAC)6.5 line patterns. When two colors are combined as 
shown in Figure 4.3c, red and blue colors are observed in uncrossed regions, and purple color in 
crossed regions, indicating that two different fluorescent multilayer films are crossed each other. 
In AFM images shown in Figure 4.3d, the thickness of both uncrossed and crossed regions was 
20-22 nm and 42 nm, respectively. It is noted in the most left part of the cross sectional image 
that the thickness increases as goes to right side. In considering with the 2 dimensional image, 
this shows that the vertical line patterns are put onto the horizontal line patterns. All these 
results indicate that the MTP process could readily apply the second multilayer on top of the first, 
producing a multilevel structure. 
It"" . . 
Figure 4.3. Multilevel line structures: (a) red fluorescence from 
(PAH), (SPSlPOACrrPPS/POAC)3(SPS)i ; (b) blue fluorescence from (PAH), (PPP-/PDAC)B.5; (c) 
fluorescence from both line patterns; (d) 2 dimensional and sectional AFM images of the line 
structure. 
Figure 4.4. a) Optical microscopy and b) AFM images of sequentially printed square, rhombus 
and cross patterns onto a ~ ~ ~ s s / ( P D A C / S P S ) ~ ~ . ~  substrate. 
The possibility for multicomponent multilayer patterning was shown by sequentially stamping 
three kinds of patterns; square (first), rhombus (second) and cross (third). In this process, all 
three types of patterns consisted of (PAH)I(SPS/PDAC)65. The resulting images in Figure 4.4 
from AFM shows that three different patterns could be printed on a substrate. This result 
suggests that multicomponent multilayer patterns with differing functionalities could be precisely 
introduced onto a surface using the MTP process if were combined with a positioning system. 
4.4. Summary 
In summary, the ability to transfer assembled films directly opens up a number of device 
fabrication possibilities. These include the ability to nonlithographically create micro-, and 
possibly nanopatterned multilayer thin films with a broad range of film composition and 
complexity, while achieving perfect selectivity. For the more, the technique can be extended to 
both multi-component and 3-D structures through multiple sequential transfer steps utilizing 
films of differing functionality to create complete devices or device components. Because the 
films can be stamped onto a virtually limitless number of substrates, the versatility of the 
technique enables microfabrication of flexible electronics systems or complex functional 
biosurfaces. Multilayer thin films with electronic, optical, electrochemical, biomedical and 
sensor functionalities can be integrated directly into devices using this approach. 
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Chapter 5. Multicomponent Patterning of Spin-Assisted Layer-by-layer 
Assembled Polyelectrolyte/Nanoparticle Composite Thin Films with 
Micro positioning 
Reproduced with permission from Park, J.; Fouche, L. D.; Hammond, P. T.; Multicomponent 
Patterning of Layer-by-Layer Assembled Polyelectrolyte/Nanoparticle Composite Thin Films 
with Controlled Alignment, Advanced Materials 2005, 17, 2525-2579. Copyright 2005 John 
Wiley & Sons Inc. 
5.1 Introduction 
The layer-by-layer (LBL) assembly of polyelectrolyte m~ltila~ers['-'~ has proven one of the most 
popular methods to form ultrathin films providing virtually any type of functional properties. 
Integration of various functional systems of polymers, nanoparticles and bio-related materials, 
and using electrostatic, hydrogen bonding, or other secondary attractive interactions, the thin 
films can be formed on a substrate with nanometer-scale control of composition and structure in 
the alternating deposition from aqueous solutions of both anionic and cationic species. In 
particular, when the assembly is combined with nanometer-sized particles such as gold,[4d1 
[11-131 [14-161 quantum dots,17, electrochromic crystals,[9. lo] metal, and bio-functional particles, the 
technique is highly attractive for numerous applications including displays, sensing, 
electrochemical and optoelectronic devices because of the unique optical, electrical, and 
electrochemical properties of the particles. To apply this useful nano-assembly technique to 
practical device fabrication, it is critical to pattern the thin films in two and three dimensions on a 
surface with precise alignment; however, it has been a challenge to conveniently introduce more 
than two different components in arrays because polyelectrolyte multilayer thin films are 
universally deposited on a surface via dipping,['> 2* 17] spin coating[16' lgl or spraying processes.[191 
Up to now, only two component positional patterning has been demonstrated using selective 
deposition, [20-221 inkjet printing,[231 photolithographic,[241 micr~fluidic,[~~] or lift-off 
approaches.[261 
In this chapter, multicomponent patterning of functional thin films composed of 
polyelectrolytes and nanoparticles is presented with controlled alignment using the recently 
developed multilayer transfer printing (MTP) process.[271 The new technique involves the 
uniform multilayer formation of charged species on a neutral hydrophobic elastomeric stamp 
surface with patterned structures and a transfer of multilayer thin film patterns onto a surface via 
contact printing. In this approach, weak hydrophobic interactions between the stamp surface 
and the multilayer ensure a complete release of entire thin film patterns on the contacted area 
where the film top surface experiences strong attractive interactions to the substrate. Spatially 
resolved multicomponent patterns can conveniently be introduced onto a substrate by 
sequentially printing next to the previously printed patterns with alignment, as schematically 
illustrated in Figure 5.1. Advantages of the technique are demonstrated using three different 
fluorescence-bearing materials containing polyelectrolytes and nanoparticles, and applicability to 
practical device fabrication is also addressed by using the feasible and time-saving spin self- 
assembly method developed by Char and coworkers[161 and Wang and coworkers.['g1 and by 
printing on a flexible plastic substrate over a large area of about ten square centimeters. While 
polymer micro-arrays can be deposited by inkjet printing technology with a controlled pattern 
size, high accuracy, and various ink properties,[281 the multicomponent patterning by the MTP is 
uniquely advantageous because of the ability to deposit the multilayer patterns, not an ink of a 
polymer or a mixture, tuning their properties. 
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Figure 5.1. A schematic illustration of patterning multicomponent polyelectrolyte nanoparticle 
composite thin films with controlled alignment. 
5.2 Experimental 
5.2.1. Materials. 
Poly(ally1amine hydrochloride) (PAH, MW = 70 kDa, 1 Da = 1 glmol), poly(diallyldimethy1 
ammonium chloride) (PDAC, MW = 100 - 200 kDa), and poly(styrene-4-sulfonate)(SPS, MW = 
1000 kDa) were purchased from Aldrich. @(and 6)-carboxytetramethylrhodamine succinimidyl 
ester, (5-(and 6)-carboxyfluorescein succinimidyl ester, and succinimidyl-7-amino-4- 
methylcoumarin-3-acetate obtained from Pierce Biotechnology were reacted with PAH 
following the manufacturer's manual to get PAH-R, PAH-G, and PAH-B, respectively, resulting 
in 1 mol% substitution of amine groups. ~ l u o ~ ~ h e r e s "  carboxylate-modified nanospheres were 
provided from Molecular Probes. Poly(ethy1ene terephthalate) film coated with indium tin 
oxide was purchased from Delta Technologies. Stamps were prepared as reported previously. 
5.2.2. Spin-assisted Assembly of Multilayers onto PDMS Stamp. 
Poly(dimethylsiloxane) (PDMS) stamps were immersed into a 50 mM PAH aqueous solution 
prepared with Milli-Q water (18.2 M a )  for 10 min at pH 10.5 or lh at pH 7.5, followed by 
spinning and rinsing twice with copious water at 3000 rpm for 5 sec on a spin coater. It should 
be mentioned that the adsorption time at a high pH over 10 was limited to 10 min to avoid the 
possible hydrolysis of PDMS surface for a longer adsorption time, which could introduce 
hydroxyl functionalities and prevent the resulting multilayer films from being released. The 
multilayer assembly of polyelectrolytes and nanoparticles on the PAH-adsorbed stamps was 
carried out using PDAC (20 mM, pH 5.5, O.1M NaCl), SPS (20 mM, pH 5.5, 0.1 M NaCl), and 
NPs (0.1, 0.5, 1 wt% aqueous solutions, pH unadjusted) at the same spin conditions. Multilayer 
platforms on substrates were assembled via a layer-by-layer dipping process utilizing a Carl 
Zeiss slide stainer to automate the process (1 5 min dipping and 2, 1, 1 min three step rinsing). 
5.2.3. Transfer Printing with Controlled Alignment. 
A positioning system was built using a rotatable centering stage (Z-150 theta stage, Applied 
Scientific Instrumentation) and an optical microscope (Leitz DMRX). The theta stage was 
positioned between the objective lens and a X-Y stage of the microscope using four rods by 
which the theta stage is fixed and also movable in the Z direction. A substrate was placed on 
the theta stage and a PDMS stamp was positioned on the X-Y stage. The printed patterns on the 
substrate on the theta stage were first focused by moving the theta stage in the z direction, and 
then the patterns on the stamp on the X-Y stage were brought into a close proximity of 100-300 
pm with the substrate surface. Contact printing was performed by moving the X-Y stage 
upward in the Z direction after aligning both the stamp and the substrate by adjusting X, Y, and Z 
positions of the microscope stage and the theta direction of the rotatable stage. Alignment was 
possible because about 14 mm of a working distance at 50x magnification provided room 
enough to position a transparent thin substrate between the stamp and the objective lens, and 
because above 100 pn of focal depth made patterns on both the stamp and the substrate 
simultaneously visible on the screen. The stamp was exposed to 100% humidity before printing 
to make the composite thin film on the stamp flexible and to induce strong electrostatic 
attractions between the stamp top surface and substrate, and was detached from the substrate 
after drying. 
5.2.4. Measurements. 
The phase images of the transferred multilayer patterns were observed using an atomic force 
microscope in a tapping mode (Dimension 3000, Veeco Instruments). The optical and 
fluorescence images were captured using a Zeiss Axioplan 2 fluorescence microscope (Carl 
Zeiss Inc.). 
5.3. Results and Discussion 
5.3.1 Spin-Assisted Assembly of Polyelectrolyte/Nanoparticle Composite Thin Films 
Our strategy to build up LBL assembled multilayers on a non-charged hydrophobic surface of 
PDMS stamps includes the adsorption of a hydrophobic polyelectrolyte onto the stamp surface 
relying only on hydrophobic attraction to generate a charged surface, followed by multilayer 
formation upon the adsorbed layer. PAH, a hydrophobic weak polyelectrolyte, is a good choice 
as the first adhesion layer in the situation where a charged polymer must be adsorbed onto a non- 
charged surface. As a weak polybase, the degree of ionization of PAH decreases with 
increasing solution pH (50% degree of ionization at pH 8-9),[291 which means enhanced 
hydrophobicity at basic pH. Thus, a uniformly and densely adsorbed PAH layer was formed 
when a PDMS stamp was immersed in a PAH solution (50 mM, 10 min at pH 10.5). This 
adsorption is due to the hydrophobic attraction between the stamp surface and the adsorbing 
chains, and reduced electrostatic repulsive interaction between adsorbing chains originating from 
decreased charge along the polymer backbone. As a result, a densely adsorbed uniform PAH 
layer with 4-5 nm thickness is formed on the non-charged hydrophobic PDMS surface.[307 3'1 
Figure 5.2. AFM phase and cross sectional images of transferred patterns of 
PAH/(SPS/PDAC)$[NPS/(PDAC/SPS)~.~],, multilayers assembled with 0.5 wt% NP solutions 
when (a) n=l,  (b) n=2, and (c) n=3. The substrates were glass slides coated with [PDAC/SPSJlo. 
The scan size of the images is 3 x 3  pm2. 
Composite thin films of polyelectrolytes and nanoparticles were LBL assembled on the 
first PAH adhesion layer atop PDMS stamps by using a spin self-assembly technique. In this 
process a [SPS/PDACI2 multilayer was first spin-assembled on the PAH layer (3000 rpm for 5 
sec), followed by further assembly of multilayer heterostructures containing polycation, 
polyanion, and negatively charged polystyrene nanoparticles: [carboxylated polystyrene 
nanoparticles (NPs, 0.3043 meqlg of charge, 2 1k3 nm diameter)/(PDAC/SPS)225]n. As a result, 
PAHl(SPSlF'DAC)2/~P~/(PDACISPS)2.5]n multilayers were formed on PDMS stamp surfaces 
with patterned structures very rapidly, with the entire process time being about 30 min for the 
assembly of an entire multilayer film of 10 to 15 bilayers. The multilayers were transfer- 
patterned by MTP onto various substrates such as silicon, glass, or indium tin oxide coated 
poly(ethy1ene terephthalate) (ITO-PET) that were coated by a multilayer platform of 
(PDAC/SPS)lo. Electrostatic attraction between the multilayer top surface (PDAC) on the 
stamp and that (SPS) on the substrate platform ensured a complete transfer of multilayer patterns 
in their entirety from the stamps onto the substrates. 
NPs embedded in multilayer structures of PAH/(SPS/PDAC)~/~PS/(PDAC/SPS)~~~]~ 
assembled with 0.5 wt% NP solutions were confirmed after MTP by using phase contrast atomic 
force microscopy (AFM) with varying number of layers. As shown in Figure 5.2, the surface 
coverage of NPs increases with the number of layers. Due to electrostatic repulsion between 
charged particles and spin coating from dilute solutions, the surface coverage was not complete 
at n=l and 2, but nearly complete coverage of NPs was achieved when n = 3. When different 
concentrations of NP solutions (0.1 and 1 wt%) were tested, a similar coverage of NPs was 
achieved at n=2 with 1 wt% NP solutions. The thickness of the transferred films was 29.9,39.7, 
and 48.6 nm while surface roughness was 8.8,8.2, and 5.5 nm, when n = 1,2, and 3, respectively. 
The film thickness was not linearly proportional to the increasing number of NP layers (NP size 
is 2 1 nm.), suggesting that the layer structure was not stratified as in the case of smaller quantum 
dot nanoparticles that have a diameter comparable to one layer thickness of spin-assembled 
polyelectrolytes.[161 Instead, it is presumed that the composite thin film structure resembles the 
illustration in Figure 5.1. Nanoparticles fill empty regions on the surface that NP's in the 
previous spin-assembling step didn't occupy. Surface smoothening with an increasing number 
of layers is revealed by decreasing surface roughness, which also supports this assumption. 
5.3.2 Micropositioning System 
A positioning system for multiple stamping was house-built using a commercially available theta 
stage, an optical microscope conventionally used in a laboratory, and machined metal plates and 
rods, as shown in Figure 5.3. One metal plate was used as a support for four rods fixed to the 
plate at the bottom of the microscope. The center of the other metal plate was holed to locate a 
microscope lens and the theta stage with a hole in its center was attached to the plate (Figure 
5.3~). A thin transparent substrate was fixed on the theta stage, and then the metal plate was 
located between the lens and the X-Y stage of the microscope upside down using the four rods. 
For a flexible substrate, a glass slide was used to support the substrate. Alignment was carried 
out using a computer monitor (Figure 5.3b). 
Working distance is inversely proportional to numerical aperture (NA), nsint9, where n is 
the refractive index of imaging medium (air in this work) and evaluated to be about 14 mm for 
an objective lens with a magnification (M) of 50. Focal depth of around 100 pm is evaluated 
using an equation in the below 
Thin substrate /'(-I 
Figure 5.3. A positioning system: (a) an assembled picture and a schematic illustration; (b) 
alignment control using a monitor; (c) a metal plate assembled with a theta stage. 
h ne FocalDepth = - (NA)~ + M(NA) 
where I is the wavelength of lamp light and e is the smallest distance resolved by a detector. 
5.3.3 Contact Printing with Alignment 
Main issues regarding alignment include mismatch between a stamp and a substrate in 
the rotating direction and surface leveling in the x-y plane. In proximity of 100-300 pm, the 
patterns printed on the substrate and those on the stamp are simultaneously visible on a computer 
screen. Alignment of the stamp and the substrate can be carried out manually adjusting the 
rotating stage and the X-Y stage of the microscope while watching the screen. The error in the 
rotating direction relates to the size of the stamp. For the stamp of Figure 5.4a, which has an 
area of 2.8~3.3 cm2, 1 of mismatch between the stamp and the substrate can cause about 570 
pm of misalignment in the 3 cm length, which can result in misalignment beyond one pixel size 
( 1  30x280 pm2) and overlapping between previously and newly printed patterns (Figure 5.4b). 
For smaller stamps, the misalignment can decrease, for an example, down to 190 pm when a 
stamp with a size of 1 x 1 cm2 is used. In this work, the misalignment was controlled below 50 pm 
(about 18% deviation at maximum) over 2.8~3.3 cm2 by careful, manual operation. (However, it 
should be pointed out that the system is suitable for simple demonstration of concepts on 
research purposes and that precisely controlled, automated devices are necessary for more 
accurate experiment or industrialization.) Lines were marked along the edges of the first 
printed patterns on the substrate, and then the stamp was positioned. To minimize the 
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Figure 5.4. Misalignment of a stamp and a substrate in the rotating direction: (a) dimension of 
the stamp and patterns (unit: pm); (b) a schematic illustration of the misaligned stamp and 
substrate. 
misalignment in the rotating direction and because only a limited area compared to the total 
stamp area is visible on the screen, the stamp in the X-Y stage was moved around over the entire 
area checking and adjusting the alignment, and back to original position referring to the line 
markers. For accurately leveling the stamp and substrate surfaces, the stamp with a thickness of 
0.5-0.7 cm was cured on a leveled hot plate, and the surface level was controlled by adjusting 
the metal plate attached with the theta stage in the z direction. This leveling prevented contact 
between the stamp and the substrate during alignment. 
For reliable transfer printing of polyelectrolyte multilayer composite thin films, the 
height of patterns in the stamp should be large enough to ensure the dimensional stability of the 
stamp, 100% humidity should be applied to the films before stamping, and a slight pressure is 
necessary to make conformal contact over the entire area. 
To avoid serious deformation in pattern structures of the stamp, the height was designed to be 
1.10 pm for the patterns with a size of 130x280 pmun' and the stamp was completely cured at 70 O C  
for larger than 12 h. As results, there was no serious dimensional deformation such as sagging 
of patterns upon contact printing under pressure, and the storage modulus of the cured stamp was 
2.4 MPa. In a photolithography process to fabricate silicon masters for stamp molding, 
diffusional scattering of light deep into a photoresist layer with a thickness of 110 pm resulted in 
less-defined, rough pattern edges, but the final results of transferred patterns were satisfactory on 
a large scale as shown in Figure 5.3b and 5.6. For the dot patterns with a 50 pm diameter used 
in Figure 5.5, the pattern height was 15 pm, which provided sharp pattern edges together with 
dimensional stability during contact printing. 
Exposure of a multilayer on a stamp to 100% humidity before stamping was 
indispensable for reproducible transfer printing and a reason is rationalized as follows. Small 
water molecules diffused into the multilayer structure act as a plasticizer[32-341 that provide 
mobility for frozen polyelectrolyte chains in the multilayer structure to rearrange, which means 
that the multilayer film becomes flexible. It is presumed that the rearrangement of 
polyelectrolyte chains at the interface between the stamp and the substrate upon contact printing 
under pressure significantly increases ionic crosslinking between two multilayer films on the 
stamp and the substrate due to electrostatic attraction. Then, letting the water evaporate 
naturally in the contacted state (1-3 hr) interlocks two multilayers at the interface as 
polyelectrolyte chains become unable to move again on drying. Consequently, multilayer 
patterns are readily detached from the stamp surface adsorbed by weak hydrophobic attraction 
and remain bonded to the substrate when the stamp is peeled off. 
A pressure (1000-2000 Pa) applied by moving up the X-Y stage, that is larger than the 
pressure ( 4 0 0  Pa) for microcontact printing of thiols or ~ i l anes [~~]  but still relatively slight, 
ensures complete contact over the entire area, removing any trapped air bubbles or non-uniform 
contact, and still maintaining the dimensional stability of the stamp. Deformation of multilayer 
thin films in a macro-scale is possible due to the film flexibility in the wet state and the applied 
pressure, but any drastic deformation in the multialyer inner-structure by interdiffusion of mobile 
polyelectrolyte chains is limited due to the high molecular weights employed. 
The number of transferred patterns in Figure 4 is supposed to be 13,500 over the area of 2.8~3.3 
cin2. Defects were mainly found in edge areas, but the portion was below 2 %, which indicates a 
good fidelity of the transfer printing process. 
5.3.4 Multicomponent Patterning 
MTP with controlled alignment was carried out using a home-built positioning system. Multiple 
component multilayer patterns, including fluorescent NPs, were sequentially transfer-printed 
onto a glass substrate afier spin-assembling multilayers on four different PDMS stamps. Four 
kinds of NPs (1 wt% solutions) with different fluorescent emission wavelengths of red (L, = 
605 nm), yellow-green (Lm = 5 15 nm), blue (Lm = 41 5 nm), and dark-red (L, = 680 nm) were 
incorporated into multilayer structures by spin assembling films of each onto a PDMS stamp. 
Micropositioning was carried out using the stamp to transfer the resulting film to a specific 
region of the surface. A resultant optical microscope image of multicomponent multilayer 
patterns (Figure 5.5a) shows three well-aligned arrays of red, green, and blue fluorescent thin 
film patterns, as well as a misaligned array of dark-red patterns. After filtering out fluorescence 
from the array of dark-red patterns, one can clearly observe the three-color fluorescence from 
multi-component arrays achieved using MTP with controlled alignment (Figure 5.5b). The 
pattern used here was designed so that subsequent patterns could be printed exactly between the 
previously printed arrays, as the diameter of dot patterns and the pitch between patterns were the 
same (50 pm). It is noteworthy that circular defects near the center of some of the dot patterns 
typically existed after spin-assembly, but such defects disappeared as the concentrations of NP 
solutions were decreased. Referring to a recent report by Tsukruk et. a ~ . , [ ~ ~ ]  it is presumed that 
the surface tension along the contact line moving during spin-drying causes aggregates' of 
hydrophobic polystyrene nanoparticles from a concentrated solution arranged in a circular shape. 
Applicability of MTP to large area printing on a flexible plastic substrate is 
Figure 5.5. Multiple PAHI(SPSIPDAC)21[NPsI(PDAC/SPS)2.5]3 multilayer dot patterns with a 50 
pm diameter and pitch transfer-printed onto a glass slide coated with [PDAC/SPS]ro: (a) an 
optical microscope image in a reflection mode and (b) a fluorescence image. 
Figure 5.6. Multicomponent thin film patterns of [(PAH-R, -G or -B)ISPS],, transfer-printed onto 
a flexible plastic substrate, ITO-PET, coated with [PDACISPS],,,, over an area of 2.8x3.3 cm2: 
(a) a digital camera image (b) an optical microscope image in a reflection mode (c) a 
fluorescence image. 
demonstrated using ITO-PET coated with a multilayer platform. Patterning was carried out using 
PDMS stamps with the typical display size of cellular phones (2.8x3.3 cm2) containing 
rectangular patterns. Polyelectrolytes bearing fluorescence (PAH labeled with 1 mol% 
fluorescent dyes, PAH-R for red, PAH-G for green, and PAH-B for blue) were deposited with 
SPS as a simple demonstration of differing functionalities. The size of rectangular patterns was 
130(x)x280(y) pm2, and pitch was 420 pm in the x direction, and 95 pm in the y direction. 
Hence, after printing the first pattern onto a substrate, two more patterns could be placed 
between the first printed patterns. Three different multilayer thin films of [(PAH-R, -G, or - 
E3)/SPSIl5 were built up on three PDMS stamps and transfer-printed onto a ITO-PET substrate 
coated with a [PDAC/SPSIlo5 multilayer platform. The thickness of the transferred films 
assembled with 20 mM polyelectrolyte solutions at 3000 rpm for 5 sec was 58.9 nm on average, 
which is comparable to literature values.[371 As shown in Figure 5.6, multicomponent thin film 
patterns containing polyelectrolytes labeled with functional dye molecules were successfully 
printed over a large area, suggesting that MTP is a practical device fabrication technique using 
various functional multilayers. 
5.4. Summary 
In summary, the transfer printing of multilayer patterns extends the applicability of functional 
multilayer composite thin films to practical and efficient multicomponent device fabrication. 
With controlled alignment, multicomponent patterns were successfully transfer-printed onto 
substrates, creating possible device components for numerous applications of functional thin 
films. Patterned composite thin films containing fluorescence-bearing polystyrene nanobeads 
suggest the possibility for device fabrication using the broad range of other functional 
nanoparticles available, including metal, organic, and core-shell or hollow particles. The 
transfer printing technique can be applied to a limitless number of substrates, since the transfer 
relies only on attractive interactions between the multilayer top surface and the substrate. 
Moving further to possible applications, functional composite thin films were printed on a 
flexible ITO-conducting substrate, demonstrating the versatility of the technique for flexible 
displays. It is clear that this approach can also be used to align multilayer elements onto 
electrode arrays or combine elements to make complex components such as transistors. This 
development represents the first demonstration of freely micro-aligned multilayer thin films, and 
demonstration of that capability to create functional thin film devices with three or more 
components. 
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6.1. Introduction 
The ability to pattern polymeric inks down to below 100 nm has been a persistent challenge due 
to the size and multivalent nature of the macromolecules, and the need to control their 
interactions with the substrates and the stamps. In this chapter, a convenient means for 
chemical nano-patterning in a size range of sub-micrometer to below 100 nm is introduced using 
a hard stamp prepared from an ultraviolet(UV)-curable polymer, a polyelectrolyte ink, and a 
polyelectrolyte multilayer platform. In the process schematically illustrated in Figure 6.1, a 
polyanion, poly(acry1ic acid)(PAA), was first spin-coated onto the stamp, and then the stamp was 
brought into contact with the oppositely charged surface of a [poly(allylamine 
hydr~chloride)(PAH)/PAA]~ multilayer built onto substrates. Spin-coating ensures the uniform 
distribution of the polymer ink onto the stamp surface, and the hard stamp maintains the nano- 
sized features without collapse during contact printing. The process results in finely nano- 
patterned surfaces with both cationic and anionic functionalities. Importantly, polymer transfer 
printing processes can be applied to virtually any substrate on which polyelectrolyte multilayers 
can be formed or surface charges pre-exist. 
4 P M  Coating 
I+ Polymer Spin 
1 Substrate 
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Transfer Printing I 
Selective adsorption of 
@ -1 negatively charged nanobeads 
Figure 6.1. The polymer spin transfer printing process 
6.2. Experimental 
6.2.1. Materials. 
Poly ally1 amine hydrochloride (PAH, MW=70,000, Aldrich) and poly acrylic acid (PAA, MW= 
90,000, Polyscience Inc.) were used without any purification step. A silane agent 
(tridecafluoro- 1 , l,2,2-tetrahydroocty1)- 1 - 1 -trichloro silane) was purchased from Aldrich. UV- 
curable polymer stamp was created using NOA 63 (Norland, NJ, USA). To make polymer 
stamp, stamp materials were cured on top of silicon master for 20 min under UV lamp (- 365nm, 
Blak-ray B IOOAP, CA, USA). Silicon masters were donated form Samsung Electronics 
(Korea). The negatively charged polystyrene latex particle beads (- 96nm) were purchased 
from Interfacial Dynamics CORP (Portland, OR, USA). 
6.2.2. Polyelectrolyte multilayer build-up. 
PAH 20 mM (repeat unit basis) and PAA 50 mM aqueous solution were prepared with Milli-Q 
water (18MQ). 0.1 M NaCwl was added into PAH solution. The PAH and PAA solution was 
filtered by 0 . 2 2 ~  filter. The silicon substrate was treated by O2 plasma (general conditions; 
O.STorr, 60W) for 10 min with simple plasma cleaner (PDC-001, Harrick Scientific Corp.). 
Polyelectrolyte multilayer was carried out using sequential dipping in PAH and PAA aqueous 
solutions for 20min. After dipping in polyelectrolyte solution, the substrate was rinsed with 
Milli-Q water (1 8MQ) and dried Nz gas. 
6.2.3. Polymer spin transfer process. 
The PAA was spin-coated onto polymer stamp with 3000rpm for 30sec. Before polymer spin 
transfer printing, the silicon substrate with polyelectrolyte film assembly and polymer stamp 
were put on a hot plate at 75OC for 5min. In transfer process, the polymer stamp was put onto 
silicon substrate for 2-5min and then peeled off while hot. 
6.2.4. Measurement. 
The topography of transferred PAA on polyelectrolyte film assembly was observed using Digital 
Instruments Dimension 3000 atomic force microscopy (AFM) in a tapping mode. To verify the 
polyelectrolyte property, the negatively charged polystyrene latex particle beads were used and 
the nanopatterns of nano-beads was shown using SEM (JEOL company). 
6.3. Results and Discussion 
6.3.1. Ultra-violet-Curable Polymer: Norland Optical Adhesive 63. 
Nanometer-scale printing processes rely significantly on stamp molding technologies. 
Polydimethylsiloxane (PDMS), the conventionally used stamp material in the soft lithography,[17 
21 has shown great performance in micrometer- scale processes. However, limited aspect ratios, 
due to sagging and pairing, and poorly replicated nano-features, due to the inherent softness and 
mechanical failure above its glass transition temperature, remain substantial drawbacks in using 
PDMS for sub-micrometer features.I3? 41 To solve these problems, many approaches have 
intensively been developed for a mold material harder than soft PDMS using ~ o m ~ o s i t e s [ ~ - ~ ~  or 
newly highlighted UV-curable photopolymers. [9- 1 31 
A commercial UV-curable polymer (Norland Optical Adhesive (NOA) 63, Norland Products 
Inc.) is suitable for nanometer-scale contact printing and imprint lithography. NOA 63, 
originally developed as an optical adhesive, has excellent optical properties over a wide spectral 
range (refractive index 1.56 and transmission above 98% in a wavelength range from 360 to 
1260 nm) and strong mechanical properties. Importantly for replica molding, it loses its 
adhesive bonding property above 60°C when used as an adhesive for glass. Thus, it can be 
cured on an etched silicon master containing nano-patterns, and peeled off at higher temperatures, 
producing molds with replicated patterns. The most significant advantage of NOA 63 for 
nanometer-scale contact printing is that it is a urethane-related polymer cured by mercapto- 
related crosslinking reagents and UV light. The urethane-related stamp becomes soft enough to 
make conformal contact between stamp and substrate upon reaching a glass transition 
temperature around 50°C, while still maintaining mechanical properties sufficient to withstand 
deformation during the process. These phenomena originate from the dissociation of physical 
crosslinks in polyurethane chains, but retention of covalent crosslinks at high temperatures, 
resulting in elastomeric properties. 
Figure 6.2 shows the thermal transition of tensile storage modulus and loss tangent for 
NOA63 in the temperature range -140 to 200°C measured by dynamic mechanical analysis 
(ramping rate - 3OC/min, amplitude - 15pm, frequency - 1Hz, DMA Model Q800, TA 
Instruments). In the plot of the loss tangent, NOA63 exhibits the a and P relaxations at 48 and - 
75"C, which correspond to hard and soft segment relaxations in the polyurethane. Above the a 
relaxation, the tensile storage modulus of NOA63 increases linearly, indicating a chemically 
crosslinked elastomeric structure. Remarkably, the storage modulus values (16.2-22.9 MPa) of 
NOA63 in the temperature range where it shows elastomeric properties are 5-7 times larger than 
Temperature ( "C) 
Figure 6.2. Temperature dependence of tensile storage moduli (E) for NOA63 (bold solid line) 
and PDMS (dashed line) and the loss tangent for NOA63 (solid line). 
that of PDMS (2.4-4.5 MPa, Sylgardl84, Dow Chemical, 10 to 1 ratio of pre-polymer to curing 
agent, cured at 60°C for 12h). 
6.3.2. Nanofeature Molding. 
Polymer stamps used in this study were prepared by casting NOA 63 onto etched silicon masters 
with various topographical features, followed by curing with UV light (wavelength - 365 nm) 
for 3 hours. The stamps that were cured and peeled off the masters showed good replication of 
the original masters with high aspect ratios. Figure 6.3A shows scanning electron microscopy 
(SEM, JEOL 5910) images of a stamp that has a high aspect ratio of 2.8 up to 6.7. The images 
confirm an excellent replication of the original nano-patterns, although the SEM measurement of 
the sectional area of the polymer stamps in the images is slightly deformed due to the exposure 
to the high energy of the electron beam. This replication could be carried out for highly dense 
70 nm linelspace patterns with an aspect ratio of 1, as shown in Figure 6.38 and C, 
demonstrating that sub- 100 nm molding was also successf~l by using NOA63. 
Before the spin-coating process, the surface tension of stamps was further decreased by 
surface modification, and multilayer platforms were formed on silicon substrates. Chemically 
active functionalities on the stamp surfaces (mainly secondary amines in the urethane units) were 
passivated by reacting them with (tridecafluoro- 1, 1,2,2,-tetrahydroocty1)- 1 -trichloro silane vapor 
(United Chemical Technologies Inc.). As a result, the stamps had defined surface properties 
(surface energy decreases from 53.1 to 43.2 mN1m) and reduced adhesion to the spin-coated 
polyelectrolyte ink. To prepare the chemically functional multilayer platform, a silicon 
substrate cleaned under oxygen plasma (100 W, 0.3 torr, 5-1 0 min, Harrick Scientific Co. Model 
PDC-32G) was alternatively submerged into aqueous solutions of a polycation/polyanion pair, 
PAH (10 mM based on its repeat unit, Mw=70k, Aldrich Chemical Co.)/PAA (IOmM, Mw=90k, 
Polysciences Inc.), starting with the PAH solution. The final platform after a 2.5 bilayer 
assembly process results in a PAH top surface that provides a cationic surface able to react with 
the anionic polymer ink of PAA. The creation of chemically modified surfaces using the 
rnultilayer assembly process can be applied to any kind of substrate afier plasma treatment if 
necessary, which makes our polymer transfer printing processes widely applicable. 
The dimensional stability of NOA stamps was evaluated using an equation developed by 
Hui et. a ~ . , [ ~ ]  which shows how prepared stamps were stable during a contact printing process 
without serious deformation. For a defined nano-feature with width 20, spacing 2w, and height h, 
the stability for lateral collapse increases with elastic modulus E (obtained from E' and tangent 
loss data) and decreases with increasing surface tension y. Thus, by determining appropriate 
patterned structures, varying E with a processing temperature, and modifying the stamp surface 
chemistry to change y, the dimensionless stability parameter calculated by the below equation 
could be controlled to be less than one, which indicates a good dimensional stability. As an 
example, the parameter value was 0.82 when stamps containing nano-features with width 150 
nm, spacing 150 nm, height 400 nm, elastic modulus 32.3 MPa at 55 OC, and surface tension 
43.2 mN/m were used. 
6.3.3. Chemical Nanopatterning and Selective Nanoparticle Assembly. 
PAA (50 mM, pH 3.4) was spin-coated on the prepared stamps at 3000 rpm for 30 sec, and used 
for contact printing. The transfer printing process was carried out on a hot plate where the 
temperature was controlled at 55OC. First, both the substrate coated with a multilayer and the 
polymer stamp with spin-coated polymer ink were placed on the hot plate for 1-2 min to soften 
the stamp. Then the stamp was put onto the substrate for 1-2 min with slight pressure, and 
peeled off while hot. With this process, only the parts of the stamp that made conformal 
contact with the substrate surface were transferred to the substrate. An example of the resulting 
nano-patterned surfaces, investigated by using atomic force microscopy (Veeco Instruments, 
Dimension 3000) is shown in Figure 4A. Polymer ink that was uniformly applied onto a stamp 
with positive features of various linelspace sizes (3501350, 3001300, 3001300, 2001200, and 
1501150 nm) was successfully transferred onto the substrate surface via this simple printing 
process. The length of these line patterns was 1 cm, suggesting larger area applications. As 
shown in the enlarged and sectional images (Figure 6.4B), the pattern edges were well defined 
and the thickness of the transferred patterns was around 2 nm. It should be noted that the UV- 
cured polymer stamp with precise nanometer-scale features was mechanically stable over the 
entire process. 
Active functionalities of both positive and negative charges were verified by studying 
the selective adsorption of negatively charged polystyrene beads (-96 nm, sulfonated groups on 
the surface, Interfacial Dynamics Co.) onto the polycation (PAH) surface which did not contact 
with the stamp during the printing process. The negatively charged beads were not adsorbed 
onto the transfer-patterned area because of electrostatic repulsion. SEM images in Figure 6.4C 
demonstrate various patterns of adsorbed beads. Particles were associated on mixed patterns of 
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Figure 6.3. SEM images of the UV-cured polymer stamp including nanostructures; (A) with a 
high aspect ratio of 2.8 to 6.7, linelspace sizes from 3501350 to 1501150 nm, and 1 cm length. 
Enlarged images show that the height of the structures is around 1 micrometer.; (B)&(C) 70 nm 
linelspace patterns. 
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Figure 6.4. Atomic force microscopy images of poly(acrylic acid) (PAA) nano-patterns on the 
poly(allylamine hydrochloride) (PAH) top surface of a (PAHIPAA),, multilayer;(A) The linelspace 
of PAA patterns (B) Enlarged images of 2001200 and 1501150 nm linelspace patterns with a 
transferred pattern thickness of around 2 nm.; (C) SEM images of polystyrene nano-beads (-96 
nm) deposited on complex micro- and nano-scale chemical patterns containing grating width 
and space. 
lines and complex shapes, and on the lines with grating widths in Figure 4C. In all of the 
images one could see that the sizes of patterns on which particles were not adsorbed approached 
80 nm, thus confirming the successful chemical patterning of PAA in the range below 100 nm. 
6.3.4. Hydrophobic Nanopatterning and Nanobubble Formation. 
Chemical nanopatterning technique by polymer transfer printing can be used for introducing 
hydrophobic nanopatterns on which nanometer sized air bubbles are formed in a polar medium 
and by which flow in microfluidic channels can be controlled. Nanobubbles, with 5-100 nm 
heights and 0.1-0.8 im diameters, are found to appear spontaneously at the interface between a 
polar solvent (e.g. water) saturated with air and hydrophobic The presence of 
these bubbles has been detected by atomic force microscopy, [14-16, 18, 20, 211 as well as other 
techniques including rapid cyrofixation/freeze fracture and neutron reflect~metr~.[ '~~ 19] 
Although the origin of these bubbles is unclear and some debate remains in the literature about 
their existence,[223 231 they have recently been invoked as the possible origin of a number of 
phenomena, including the long-range attraction between hydrophobic surfaces immersed in 
water,[233 241 the stability of an emulsion without a s~r fac tan t ,~~~]  microboiling behavior,[261 
mineral flotation,[271 and the rupture of wetting films.[281 Nanobubbles on surfaces can also 
have significant consequences on the motion of particles in liquids or on the flow of liquids 
adjacent to surfaces or in capillaries. A reduction can be expected in drag by such nanobubbles, 
since interfacial slip obviously occurs at a fluid-fluid interface, whereas no-slip boundary 
conditions are traditionally expected in hydrodynamic flows bounded by solid surfaces. It has 
also been argued that nanobubbles lead to the frequency-dependent and shear-ratedependent 
fluid slip that has recently been observed at partially wetting fluid-solid s~ r f aces [~~-~ l ]  and which 
gives rise to considerable reduction in friction of fluid flow past the solids. From earlier 
publications it can be concluded that formation of nanobubbles strongly depends on the 
properties of the substrates. While they exist primarily on hydrophobic surfaces, they do not 
appear spontaneously on hydrophilic surfaces, unless they form from the differences in the 
solubility of air between two miscible fluids.P2. 331 
Nanobubbles offer an effective mechanism for drag reduction in microfluidic 
applications, in which interfacial properties are expected to dominate the dynamics due to the 
large surface-to-volume ratio.[341 The aim of this section is to exploit the dependence of 
nanobubble formation on surface hydrophobicity to provide a means for controlling 
hydrodynamic boundary conditions at the solid-liquid interface. Patterned surfaces with 
nanometer length scale domains of varying hydrophobicity were used in order to manipulate the 
formation and extent of nanobubbles. It is noted that the concerted effect of nanoscale patterns 
and chemical hydrophobicity, which is used in this study to control the presence of nanobubbles, 
has also been recently shown to have an important effect on macroscopic wetting phenomena.t351 
A Nanoscope IV MultiMode atomic force microscope (AFM) was used in tapping as 
well as contact mode to image the solid-liquid interface. A polymer transfer printing method 
was used to prepare a surface with a regular pattern of polystyrene (PS) dots on a hydrophilic 
substrate having a contact angle of 25" with water. Figure 6.5A shows a schematic diagram of 
the surface topology, which consists of a regular pattern of PS dots (pitch 3 pm) in a hydrophilic 
polyelectrolyte multilayer [PDAC/SPS]5.5 matrix. The height and diameter of the dots are 10- 
30 nm and 500 nm, respectively. Figure 6.5B shows the contact-mode AFM height image of 
the sample in air. One can see regularly arranged dot structures with diameter 500 nm and 
height 10-30 nm in a featureless background with roughness values of R = 0.36 nm and R,, = 
1.8 nm (Figure 6.5B-D). Figure 6.5E shows the tapping-mode AFM height image when the 
same sample is immersed in water. While there is no difference in the topography of the 
background between the height images in Figure 6.5B and Figure 6.5E, one can see a significant 
difference in topography at the locations of the PS dots in the two images. When the sample is 
immersed in water, multiple circular-shaped features appearing together in the height and phase 
images are observed only at the PS dots (parts E, F, and H of Figure 6.5). The height profile 
across a dot (Figure 6.5F), unlike that in Figure 6.5D, shows multiple individual peaks 
corresponding to protuberances in the shapes of spherical caps rather than a single peak 
corresponding to the dot. The height and width of these individual protuberances, after removal 
of the contribution from the PS dots, are 5-15 nm and 100-200 nm, respectively. Further, a 
significant effect of tapping force on the morphology of these features is observed during 
scanning. Upon harder tapping the features shown in parts F and H of Figure 6.5 disappeared. 
Thus, it is concluded that the observed features that develop on the PS dots are nanobubbles. 
6.4. Summary 
In summary, the use of a commercial UV-curable material as a mold in contact printing 
processes and imprint lithography was introduced, and the mold was applied to polymer transfer 
printing process to achieve chemically nano-patterned mono-layers in the sub-micrometer range 
down to 80 nm. Thus far, it is not believed that the physical limit for patterning of polymer has 
been reached; the dimension of 80 nm was that available for these investigations, and smaller 
dimensions will be tested in future work. Since the UV-cured polymer has outstanding optical 
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Figure 6.5. Results with nanopatterned sample prepared using polymer transfer printing: (A) a 
schematic diagram of the topology of the surface (not to scale); (B) contact-mode AFM height 
image of sample in air; (C) zoomed image of one of the dots in Figure 6-5B; (D) cross-sectional 
views along the lines in Figure 6-5C; (E) tapping-mode AFM height image with sample in water; 
(F) zoomed height image of one of the dots in Figure 6-5E; (G) cross-sectional views along the 
lines in Figure 6-5F; (H) zoomed phase image of one of the dots in Figure 6-5E; (I) cross- 
sectional view along the line drawn in Figure 6-5H. 
and mechanical properties as well as a softening transition at mild temperatures, it is highly 
likely that in addition to contact printing processes the polymer can be applied to various other 
applications in nanometer-scale soA lithography. The polymer transfer printing technique using 
a polyelectrolyte ink suggests a number of possible applications, including the patterning of (bio- 
) functionalized copolymers with polyelectrolyte blocks reactive with polyelectrolyte multilayer 
surfaces or surface-directed assembly of nanoparticles with magnetic, optoelectronic, and bio- 
related functionalities, onto chemically nano-patterned surfaces without limitation in applicable 
surfaces. 
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Chapter 7. Conclusions and Future Directions 
7.1 Concluding Remarks 
This thesis explored new surface patterning methods using polyelectrolytes and their layer-by- 
layer self-assembled multilayers in a broad size range from a few hundred micrometers to sub- 
100 nanometers. As a fundamental principle of the methodologies, it explored the behaviors for 
adsorption and multialyer assembly of polyelectrolytes on neutral hydrophobic surfaces such as 
Teflon-AF and poly(dimethylsiloxane) (PDMS). When the studied principle was combined 
with soft lithography, a single layer or a multilayer assembly of polyelectrolytes could be 
uniformly formed on neutral surfaces of patterned molds or flat sheets. The adsorbed single 
layer or assembled multilayers could be transferred onto a flat substrate or a patterned mold, 
placing multicomponent patterns or nanometer-sized patterns. Primary target applications of 
micrometer-sized chemical patterns in this thesis include multi-color pixels in electrochromic 
displays, and cell arrays for sensors and tissue engineering. For nanometer-scale chemical 
pattern applications, hydrophobic patterning was carried out for flow control in microfluidic 
channels. 
The adsorption behavior of a polyelectrolyte layer on neutral hydrophobic surfaces was 
introduced in Chapter 2. Explanation about the behavior was given in two aspects of theoretical 
and experimental. To describe the adsorption layer of a hydrophobic flexible polyelectrolyte on 
a non-charged, non-polar surface, a scaling theory developed by Dobrynin and Rubinstein was 
adapted to the specific case of this study. Resulting equations of free energy and distance 
between adsorbed chains show that degrees of polymer ionization and solution ionic strength 
control the adsorption property. That is, the distance between adsorbed chains decreases with 
the degrees of ionization and with increasing ionic strength. This means that charged 
macromolecules are able to form a uniform, flat layer of a compactly packed polyelectrolyte 
even on the non-adhesive surface solely relying on hydrophobic attraction. Also, a high ionic 
strength increases the attractive force to the surface, causing polyelectrolyte chains to be spread 
out on the surface, smoothing the surface, and decreasing the layer thickness. All of these 
theoretical expectations were confirmed measuring the degree of coiling and layer thickness 
change. Coiling index obtained from a pyrene-labeling technique and resulting fluorescence 
spectra behaved coincident with the theory. 
Although a dense adsorption layer of a charged macromolecule can be formed on a non- 
charged surface, its stability is paramountly subject to solution pH, ionic strength and 
hydrophobicity of polyelectrolytes when one attempts to assemble a multilayer upon it, as 
investigated in Chapter 3. When one uses a pair of weak polyelectrolytes, for an example, 
poly(ally1amine hydrochloride) (PAH) and poly(acry1ic acid) (PAA), a general strategy to stably 
build up a multilayer is to control ionization of both polyions in a low degree by adjusting 
solution pH. The solution pH controlled at 7.5 and 3.5 for PAH and PAA where both chains are 
only partially charged ensured a linear growth of adsorbed mass. In cases that both polyions are 
substantially charged, for examples, a pair of poly(diallyldimethy1 ammonium chloride) and 
sulfonated polystyrene at a pH range of 2 to 1 1 ,  or that of PAH and PAA at pH 6.5 and 6.5, a 
multilayer assembly process is a matter of how polyelectrolyte chains prefer to be precipitated 
onto the surface rather than to stay in medium. Because of their highly charged states, chains 
are readily depleted away from the surface even after they are deposited to the surface, by being 
dissolved into medium or by forming ionic complex with a counter electrolyte in medium. 
Rinsing water and an oppositely charged polyelectrolyte solution have a stronger solvating 
power than hydrophobic attraction forces for the chains to the surface for fully or substantially 
charged adsorbed polyelectrolytes. To suppress this depletion, solution ionic strength was 
controlled at an optimal value, ensuring a stable growth of a multilayer. Adsorbed chains on the 
neutral surface are similar to materials floating on the surface while keeping weakly attraction to 
the surface. Thus, morphology of a multilayer assembly might not be a flat surface, as there 
exists active chain reorganization on the surface during the assembly process, even though the 
total mass of adsorbed polyelectrolytes regularly increases with layer numbers. This 
morphological evolution due to thin film instability should be a kinetic problem involving 
diffusion of chains and is controllable by factors regarding diffusion. For example, a stiff but 
hydrophobic pair of polyelectrolytes such as PAH and SPS provides hydrophobicity large enough 
for adsorption but mobility small enough to obstacle the evolution. 
Based on the principle of assembling multilayers on non-charged, non-polar surfaces, a 
multilayer could be built up onto micropatterned PDMS stamp. When the stamp was put on a 
contact with a substrate coated with another multilayer assembly or plasma-treated, multilayer 
micropatterns could be transfer-printed onto the substrate only on contacted area, as 
demonstrated in Chapter 4. Furthermore, multiple printings with different stamps and 
controlled alignment using a home-built positioning system enabled to introduce 
multicomponent or multi-tiered pattern structures onto a charged substrate, as shown in Chapter 
5. For demonstrating the application possibility for display pixels and sensing sites, the 
multicomponent patterns bearing three different colors were printed even on a flexible substrate 
like indium tin oxide coated polyethylene terephthalate. Also, printings of 
nanoparticle/polyelectrolyte composite ultra thin films were conducted, suggesting various 
applications combined with versatile organic or inorganic nanoparticles. 
Patterning in a size range below sub-micrometer can be carried out using a soft 
lithographic approach, polyelectrolytes and their multilayer assemblies. However, the 
conventional stamp material, PDMS, has shown a consistent drawback in applying it in that 
range because of its mechanical failure. To resolve this matter, Norland Optical Adhesive 
(NOA) 63 was tested as a new mold material. Taking advantages as a polyurethane-based 
polymer and an elastomer cured by a mercapto-related agent, it showed a glass transition into an 
elastomeric region at a mild processing temperature of 48 OC while keeping a mechanical 
strength about 7 times stronger than PDMS. As results, nanofeatures with a high aspect ratio up 
to 6.7 and a highly dense line and space patterns in a sub-100 nm range were successfully 
molded and used as a stamp or a template for further processing. One interesting application of 
polymer transfer printing using the new stamp was to print polystyrene nanopatterns. Due to 
the strong hydrophobicity of the polymer, air bubbles were nucleated and grown only on the 
patterns. They suggest a controllability of flow in microfluidic channels as an original solid- 
liquid interface now has a character like a liquid-liquid interface at the hydrophobic patterns. 
The designed arrays of these hydrophobic patterns, thus, enable to completely mix solutions in 
microchannels that would otherwise have laminar flow. 
7.2 Future Recommendations 
7.2.1 Electrochromic Display Fabrication 
The multilayer transfer printing technique developed in this thesis is especially useful when 
applied to pattern electrochromic materials for displays. As layer-by-layer assembly of 
electrochromic materials is a convenient route for fabricating a practical display device, a 
patterning technology of the thin films overcomes one of bottlenecks in realizing real 
electrochromic displays. 
Although the phenomenon of electrochromism, a color change upon electric voltage, 
was discovered before liquid crystal display (LCD), envisioning commercial products has 
suffered from a few drawbacks. Slow color switching speeds for dynamic displays is the most 
serious one that originates from the principle of electrochemical reaction. Electrochromic 
materials exhibit a color change upon an oxidation or reduction reaction accompanied by a 
transfer of electrons and ions, which is required to fulfill electroneutrality conditions. As the 
diffusion rate of ions is much slower than that of electrons, the color switching speed is limited 
by the ion migration rate. Another issue includes a device stability that needs at least one 
million reversible electrochemical reactions for color switching, while avoiding (electro-) 
chemical degradation. Both problems are not issues for competitors such as LCD and cathode 
ray tube displays. 
Besides optimally controlling processing, most critical to solve the above problems are 
what kinds of materials one employs. DeLongchamp and Hammond intensively studied 
electrochromic displays utilizing inorganic crystals. Prussian blue (PB), the first artificially 
manufactured pigment, and its analogues present how resonance interactions between organic (C 
and N) and inorganic (transition elements such as Mn, Fe, Co, Ni, and Ru) result in dramatic 
changes of physical properties such as color. Bridging two metal centers by organic ligands 
provides unique electronic configurations for the resulting crystal structures that cause 
characteristic colors upon absorbing the energy of visible light. These materials are highly 
prized for this research because they flaunt a rich variety of coloration by combining diverse 
metal elements. Additionally, they show a high contrast between the colored state and the 
colorless or bleached state depending on the electric potential. Thus, the compounds belonging 
to the PB family can amply facilitate the realization of cyan, magenta, and yellow color 
electrochromic pixels. 
The key idea to solve the above problems for the PB analogues is to prepare sub-100 nm 
sized crystals covered by an organic or polymeric layer in a way to enhance performance and to 
be suitable for assembling devices. Small sizes of the PB analog crystals will significantly 
increase surface area exposed to diffusing species and decrease the distance over which the 
species should travel in the crystal inner-structure to induce electrochemical reactions. The 
organic or polymeric outermost layer that will form coordinating bonds with crystals should be 
designed to enhance the diffusion of the moving species into the crystals, to provide stability for 
the crystals over repeated reactions, and to become adaptable to processing steps for color pixel 
assembling. The nanocrystals with the stabilizing layer will interact with assembly conditions 
for organiclinorganic hybrid nanocomposite thin films so that the thin films can be patterned 
between two electrodes via a transfer printing technique forming multicomponent color pixels on 
a flexible substrate. 
One possible drawback in using Prussian blue analog nanocrystals is that the mobile 
species in devices is ions. In a device structure using thin films of nanocrystallpolymer 
composites, the ions first diffuse into polymer matrix, an ion-conducting layer, and then travel 
through inner crystal structures changing electronic states of the crystals. In this situation, 
diffusion rate into the crystal structures to fulfill oxidation or reduction states is inherently slow, 
so may not achieve a color switching speed applicable to commercialization. An alternative 
material is the use of conducting polyelectrolytes that employ electrons as the moving species. 
Indeed, as a matter of synthesis, the polymers should be designed to bear desired reflective color 
changes upon on and off electronic states. Intercalation by moving electrons might achieve 
color switching less than 100 ms. 
7.2.2 Multicomponent Biofunctional Nanoparticle Assembly 
In Chapter 6, a new mold material was introduced for sub-100 nm structuring and contact 
printing. In this section, a new nanopatteming process is suggested, as schematically illustrated 
in Figure 7.1. It composes of molding nanofeatures, forming a multilayer assembly on the 
features, and contact printing to introduce bi-functionality onto the mold surface, and selective 
adsorption of nanoparticles. 
The new concept in the process is to assemble a layer-by-layered multilayer on NOA63 
molds that contain fine nanofeatures in a size range of sub-100 to a few hundreds nm. The 
biggest advantage of doing this is that one can achieve finely resolved pattern edges even in such 
a small size range compared to the process that one tries to transfer print a polymeric ink from a 
stamp to a substrate, which is a big challenge in nanoprinting. A layer-by-layer assembly of 
polyelectrolyte multilayers can be formed on the mold surface as polyurethane-based elastomers 
mainly have secondary amines on their surfaces that provide initial surface charges for 
multilayering. It should be assembled not to significantly distort the original features by 
controlling composition of used polyelectrolytes and layer numbers. 
Bi-functionality of the surface is introduced by printing a single layer of polyelectrolyte 
that has opposite charges to the top surface of the multialyer on the mold. In this way, the mold 
surface can possess one kind of functionality in the holes and the other on the blocked layer. 
The blocking layer is first adsorbed on a PDMS sheet, relying on hydrophobic attraction as 
studied in Chapter 2, and reliably transfer printed to the mold surface. The adsorbed polymer of  
interest can be a polyelectrolyte with opposite charges, a graft copolyelectrolyte bearing ethylene 
glycol units for resisting non-specific binding in bio-applications, or a polymer with specific 
hydrogen bonding moieties, which depend on final applications. 
1. Nanofeature Molding using 
polyurethane-based p hotopolymers 
2. LBL multilayer assembly 
3. Adsorption of a single 
potyelectrolyte layer on PDMS 
4. Contact printing 
5. Selective blocking layer only on the 
top surface of positive features 
6. Selective adsorption of charged 
particles on the nanofeatured surface 
Figure 7.1. A schematic illustration of a particle assembly process on a nanofeatured surface 
using a layer-by-layer self-assembled multilayer 
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